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SUMMARY
This thesis develops the theory relating to the d.c. 
Disc-Armature electric motor, and uses two particular machines as 
examples.
Considerable importance is attached to the calculation of 
the field due to the permanent magnet poles, and both direct and 
iterative methods are employed. For the determination of e.m.f. and 
torque in the axial-field machine, the flux density at any point is 
inseparable from its radius, and a "moment of flux density" is 
defined to account for this. By considering the individual armature 
conductors, the fluctuations of e.m.f. and torque during rotation 
are found. These calculations are used to select the optimum 
dimensions for the machine and its components, for particular design 
criteria.
i
The design of the machine is discussed, and certain problems 
receive particular attention. These include the realisation of the 
full magnetic field, and the materials for a rotating flux return 
ring. For the latter, iron powder compacts are found to be convenient, 
having the lowest power losses.
The fan motor incorporates such a return ring, and its 
performance agrees well with the theoretical predictions. For the 
high coercivity magnets used, the field calculations are also quite 
accurate. The wheel motor's operation reveals a peculiarity of the 
commutation in this type of machine, and indicates an important 
area for further study.
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1: INTRODUCTION,
On the 8th. of 1'ay, 1967» an application was made to 
patent the design of a new type of electric motor (Reference 1).
The University of Warwick, and the author's supervisor, were 
involved in the formulation of that patent. It stated that the 
invention was "particularly suitable for the direct driving of 
the wheel of an electrically powered road vehicle','.
The moet novel feature of this motor (Figure 1.1) is its 
armature. The active conductors run radially from the axis of the 
machine, so that an axial field system is required. The coils are 
connected as a double layer winding, the complete armature being 
disc-ehaped. This assembly is made possible by bending up the ends 
of the coils, so that they no longer lie in the plane of the disc.
One side of each coil is longer than the other, by an amount that 
makes it possible for the end-windings to nest closely together 
(Figure 1.2). Finally, the winding is connected to the commutator, 
and the complete armature is encapsulated in epoxy resin, giving it 
mechanical strength.
The axial field is provided by permanent magnets, located 
to one side of the armature disc. They are bonded to a mild steel 
ring, adjacent poles having opposite directions of magnetisation.
The magnetic circuit is completed on the remote side of the armature 
disc by another stationary mild steel ring.
The first application of the Disc-Armature motor was twer 
years after its invention, when it was used to propel an electric 
lawn-mower. The test results on this machine (Reference 2) are shown 
in Figure 1.3. When delivering its normal output power of 1^ H.P., 
the efficiency of Itff* is rather disappointing. Permanent magnets 
require no magnetising current during m6tor operation, and the
'V-

V


*Figure 1.3i Performance curves of
ij
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j
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armature 1b free from iron, eliminating eddy-current and hysteresis 
losses. These features should therefore have given the motor a 
much higher efficiency, and so the method of design must be carefully 
studied.
Another characteristic of the Disc-Armature machine is a 
high power-to-weight ratio. In this respect, the lawn-mower motor 
showed a distinct advantage over conventional machines. Its normal 
operating speed of 2,500 rev/min does not, however, fully exploit 
the inherently very low inductance of the armature coils, caused by 
the lack of iron in this part of the magnetic circuit. This feature 
raises the normal limit on armature speed caused by the occurrence
of under-commutation./
There are two other characteristics of the machine that are 
worth investigating. The first is the low inertia associated with 
the armature design, which could give a very rapid acceleration if 
required. Secondly, the use of high coercivity permanent magnets 
in an axial field machine could lead to a very short overall axial 
length, and this would also be useful in certain industrial applications.
It is clear that a more quantitative description of the 
Disc-Armature motor is needed for its advantages to be assessed.
The principles of operation of this axial field permanent magnet 
machine must be determined, upon which the theory can then be developed. 
Prototypes will be required, and one of them should certainly be the 
"in-wheel" electric vehicle motor mentioned in the patent. This 
application would utilise most of the advantages previously described.
An investigation already carried out (Reference 3) has found it most 
important to reduce the size and weight of motors for electric cars.
-  . r * y _ . . .
Although there are clear advantages in applying the 
Disc-Armature machine as an "in-wheel" motor, this is, however, 
a rather specialised application. There may be more immediate uses 
to which such a machine could be put. It has two particular 
characteristics that have already been mentioned, and are not 
fully exploited in the wheel motor. These are a low armature inertia 
and a short axial length, both of which are also achieved in the 
printed circuit type of motor. In fact, because of this existing 
coverage of these areas, it may be wondered whether there is any 
merit in investigating the Disc-Armature machine as a competitor.
Users of printed circuit motors have found that there is 
an inherent unreliability in this type of machine. This is due to 
a large armature heating loss, which is also detremental to the 
efficiency. It was felt, therefore, that the more conventional 
winding of the Disc-Armature machine would give an improved performance. 
The machine chosen for further study was to drive an automotive 
radiator cooling fan, a common application of the printed circuit 
motor.
Two different machines, the wheel motor and the fan motor, 
are therefore used to illustrate the characteristics of the Disc- 
Armature machine, and to verify the theory that will be developed 
for it. Each wan designed by conventional methods, so that they 
would be available to yield experimental evidence at an early stage.
More detailed descriptions of them are given in the following chapter.
CHAPTER 2: PRINCIPLES OF THB MACHINE,
? ,1 ;  P r in c ip le s  o f  th e M agnetic C i r c u i t .
The Disc-Armature motor was chosen to be a permanent magnet 
machine, the reason for which will shortly become clear. One 
advantage this field system has over electro-magnets is that, 
while the machine is running, no power is expended in producing 
a field. This leads to a greater overall machine efficiency, for 
any given power rating. This advantage is increased further by 
the absence of any iron in the armature, thus eliminating the 
associated eddy-current and hysteresis losses. A stationary flux 
return circuit on the remote side of the armature is therefore 
required if this gain is. to be maintained. This is very difficult 
to achieve, in all but the smallest motors, unless an axial field 
arrangement is adopted. The machine now has a very large air-gap, 
comprising the armature thickness and running clearance on either 
side of it.
H .1 - (loss factor).H .1 (2.1)m m —g g
where 1 ,1 are the magnet and air-gap lengths« m g
H are the magnet and air-gap magnetising ~m “g
forces« respectively.
By equation 2.1, air-gap length, 1 , directly affects 
magnet length, 1^, and magnetising force, One of these quantities
must therefore increase greatly to accomodate such a large 1 .O
So that machine weight did not become too large, permanent magnets
w ith  h igh  c o e r c i v i t i e s  were choseh to  p ro vid e  the field. This 
c h o ic e  i s  c le a r l y  not a s  s tr a ig h tfo rw a rd  as eq u a tio n  2 .1  or the 
ensuing thoughts would suggest, though it does indicate the correct
7* .
CHAPTER 2: PRINCIPLES OP THE MACHINE
2 .1 ;  P r in c ip le s  o f  th e  M agnetic C i r c u i t .
The Disc-Armature motor was chosen to be a permanent magnet 
machine, the reason for which will shortly become clear. One 
advantage this field system has over electro-magnets is that, 
while the machine is running, no power is expended in producing 
a field. This leads to a greater overall machine efficiency, for 
any given power rating. This advantage is increased further by 
the absence of any iron in the armature, thus eliminating the 
associated eddy-current and hysteresis losses. A stationary flux 
return circuit on the remote side of the armature is therefore 
required if this gain is to be maintained. This is very difficult 
to achieve, in all but the smallest motors, unless an axial field 
arrangement is adopted. The machine now has a very large air-gap, 
comprising the armature thickness and running clearance on either 
side of it.
Bm*lm “ (1°88 factor).g.l (2.1)
where 1 ,1 are the magnet and air-gap lengths,m g
H ,H. are the magnet and air-gap magnetising •m g
forces, respectively.
By equation 2.1, air-gap length, 1 , directly affects
&
magnet length, lm , and magnetising force, J}^ . One of these quantities
must therefore increase greatly to accomodate Buch a large 1 .
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So that machine weight did not become too large, permanent magnets
w ith  h igh  c o e r c i v i t i e s  were choseh to  p ro v id e  th e  field. This 
c h o ic e  i s  c le a r l y  not as s tr a ig h tfo rw a rd  a s  eq u a tio n  2 .1  or the 
ensuing thoughts would suggest, though it does indicate the correct
class of material required.
The type of magnet material eventually chosen is determined
largely by the application of the motor. Por example, ceramic
magnets, which are sintered from barium ferrite powder, have a
comparatively high magnetising force, H^, and low flux density, g^ .
Por a given flux per pole and air-gap length, they will therefore
have a comparatively large pole face area but short length. Output
power of the machine is determined by both the magnetic and the
electric circuits, and the low value of J3 will impose a greaterin
requirement on the armature winding design. Such magnets are, 
however, comparatively cheap and low in density. The high coercivity 
means that, on open circuit, they are still working on the straight 
portion of the B-H characteristic. Recoil does not move the operating 
point onto a minor loop, therefore, and magnetising windings do 
not have to be included in the machine itself.
If opposite conditions to these are required, they can 
mostly be supplied by alloy magnets, with a much higher B^, but 
correspondingly lower A major consideration can be the need
to magnetise these in' the assembled magnetic circuit, to avoid recoil 
onto a minor B-H loop. This does not apply, however, to one new alloy, 
Hycomax IV, which can produce about twice the flux density of the 
ceramics, while having a high enough coercivity to permit magnetisation 
before assembly.
There are, then, three main types of permanent magnet 
material suitable for consideration in the design of Disc-Armature 
motors ( rare earth magnets are, of course, highly desirable, but
as yet their high cost precludes them ). An application that requires 
two types will be described later, but it will be useful to record 
their B-H characteristics ( Figure 2.1 ) now. Feroba III is the

ceramic material that will be used, and Columax is the high remanence 
alloy. The choice of magnet material is only the start of the 
design, for it is the flux distribution cutting the armature conductors 
perpendicular to their direction of travel that determines motor 
performance. For a given operating flux density, B^, this 'useful' 
flux will become greater as leakage flux between adjacent magnets 
is reduced. However, this is not consistent with the desire to 
increase the total flux per pole, and so there is clearly a' need 
to optimise the pole arc/pole pitch ratio, <x\
It may be reasonable to assume that, for permanent magnets, 
the value of flux density will be approximately constant around 
the edge of a pole face. If these faces were circular, as is the 
case in commercial printed circuit motors, it would be impossible 
to find a single value for «'that would produce optimum performance 
for the entire length of active conductor. One feels intuitively 
that parallel edges to adjacent poles would be most likely to yield 
a pole shape to optimise performance at all active radii, though it 
would lead to a loss of material if magnets were cut from large rings. 
For this reason, in the prototype Disc-Armature machines, the edges of 
magnets lie on radial lines.
It would appear now that an optimum field design can be 
obtained by calculating the useful flux distribution for a series 
of values for oe. This cannot be done,though, until the number of 
poles, p, is chosen. Too few poles will make the end-windings too 
long, and the remaining magnetic circuit too heavy. Too many 
poles, however, lead to a large number of coils and commutator 
segm ents, making th e brushes too  th in . F o r tu n a te ly , fo r  the si7.es 
o f  D isc-Arm ature motor c o n sid e re d , th e  s e le c t io n  o f  p can be done 
by intuition.
wceramic material that will be used, and Columax is the high remanence 
alloy. The choice of magnet material is only the start of the 
design, for it is the flux distribution cutting the armature conductors 
perpendicular to their direction of travel that determines motor 
performance. For a given operating flux density, B^, this 'useful' 
flux will become greater as leakage flux between adjacent magnets 
is reduced. However, this is not consistent with the desire to 
Increase the total flux per pole, and so there is clearly a' need 
to optimise the pole arc/pole pitch ratio,
It may be reasonable to assume that, for permanent magnets, 
the value of flux density will be approximately constant around 
the edge of a pole face. If these faces were circular, as is the 
case in commercial printed circuit motors, it would be impossible 
to find a single value for ex*that would produce optimum performance 
for the entire length of active conductor. One feels intuitively 
that parallel edges to adjacent poles would be most likely to yield 
a pole shape to optimise performance at all active radii, though it 
would lead to a loss of material if magnets were cut from large rings. 
For this reason, in the prototype Disc-Armature machines, the edges of 
magnets lie on radial lines.
It would appear now that an optimum field design can be 
obtained by calculating the useful flux distribution for a series 
of values for ocl This cannot be done,though, until the number of 
poles, p, is chosen. Too few poles will make the end-windings too 
long, and the remaining magnetic circuit too heavy. Too many 
poles, however, lead to a large number of coils and commutator 
segm ents, making th e brushes too th in . Fortunately, for the sle.es 
of D isc-A rm ature motor c o n sid e re d , th e  s e le c t io n  of p can be done 
by intuition.
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It has already been mentioned that the flux return circuit 
is stationary, on the remote side of the armature disc. This 
eliminates any need for a laminated material, so that a solid 
mild steel ring can now be used. An alternative arrangement is to 
have a duplicate set of magnets on the remote side of the disc, 
the total magnet volume being the same as in the former case.
The magnetomotive force in the air-gap would therefore be supplied 
by two magnets, each of length ¿1^, instead of one magnet of length
It has already been postulated (Reference 2) that this 
"double set" system would produce more useful flux than would the 
equivalent "single set" system. The argument was based on the 
amount of leakage flux there would be between adjacent magnets, 
for each arrangement. In going from the single to the double set 
of magnets, one individual magnet would be halved in length, halving 
the area producing leakage flux. This would also cause the m.m.f. 
between adjacent poles to be halved, but as each pole now has a 
duplicate, the net effect would be to halve the total leakage flux.
This qualitative analysis has oversimplified the problem, and
does not, for example, take account of the type of permanent magnet
material being used, which may well be anisotropic. It does,
however, indicate that a motor will have a greater useful flux
with a double than a single set of magnets. Depending on the applicati
the extra cost and magnetisation involved might have to be weighed
against this.
2.2: The Rxoerlmental motors.
2.2.1: The Electric Vehicle Traction Motor.
The electric vehicle traction motor is incorporated in 
the road wheel, and so adds to the unsprung weight. This means that.
¿ 2
for a battery powered vehicle, both efficiency and power-to-weight 
ratio must be maximised in the motor design. A double set of magnets 
was therefore used, the material being Hycomax III. This has a 
similar B-H characteristic to Hycomax IV, with a slightly higher 
remanence and lower coercivity. It would have been preferable to 
use Hycomax IV in this design, but it was not available when the 
prototype was manufactured. The "wheel motor" therefore has a quite 
small pole face area, without an excessively long magnet length.
The full motor specification is given in Table 2.1.
It has already been mentioned that such a magnetic material 
can give the motor the required power-to-weight ratio advantage, 
without producing too low a value of flux density. The importance 
of this for battery electric vehicles can be seen by comparing the 
flux density produced by ferrite magnets. For a given machine design 
and performance, thiB is about one half that of Hycomax III or IV, 
and so the electric loading in the armature would have to be doubled. 
This could be achieved by increasing the number of conductors, 
or reducing the number of parallel paths, both of which would 
increase the armature resistance and generate greater heat losses. 
This, of course, is undesirable as battery power would be needed to 
overcome these extra losses in some way.
The choice of magnet material thus affects the armature 
winding design. ThiB is used together with armature current and 
current density to select the conductor diameter, and is again used 
with the latter to find the thickness of the disc. Allowances are 
made for wire insulation and for complete encapsulation of the 
winding by epoxy resin. In the wheel motor, for example, a disc 
thickness of 3.0 mm. results from four layers of 0.63 mm. diameter 
conductors. The addition of running clearance gives a total air-gap
Table 2.1s Electric vehicle traction motor design specification,
Output power I860 W.
Supply voltage 56 V.
Speed 10,500 rev/rain
Cuter active diameter 142 mm.
Inner active diameter 82 mm.
Number of poles 10
Pole arc/pole pitch ratio 0.78
Magnetic circuits 
Material
Magnet flux density 
Magnet magnetising force 
Estimated useful flux/pole
Hycomax IV (later Hycomax III) 
0.54 V.’b/m2 
8.75 x 104 A/m.
3.51 X 10"4 Wb.
Magnet length (per stator 
half)
8.5 mm.
Air gap length 4.5 mm.
Electric circuits
Number of parallel paths 20
Number of layers 4
Number of coils 80
Number of tums/coil 7
Wire diameter (copper)
C urren t d e n sity
O .63 mm. 
11.0 A/mm2
of 4.5 mm. and magnet, length of 17 mm. (because there is a double set 
of magnets, the Individual length is 8.5 mm.).
A double-layer winding is the most efficient arrangement 
for conductors in a disc-armature. More than one such winding can 
be employed, though, if a greater number of conductors is required 
within a certain diameter. In the wheel motor, the four layers 
comprise two double-layer lap windings, assembled back-to-back 
(Figure 2.2). This does not become duplex lap, however, because they 
are connected in parallel. Each pair of adjacent commutator segments 
therefore has two coils connected in parallel across them. The 
advantage of this arrangement over a single double-layer winding 
is that twice the armature current is accommodated within a given 
diameter, without significantly altering either induced e.m.f. or 
speed. The reason for this is that both the number of conductors 
and the number of parallel paths have been doubled.
The absence of any iron in the armature of the machine 
implies that the armature inductance will be very small, and that 
armature reaction will be negligible. These two factors will reduce 
the static and dynamic e.m.f.s respectively, in a coil undergoing 
commutation, provided that the brushes are in the magnetic neutral 
position. It should therefore be possible to run such a machine 
at much higher speeds than normal. To investigate the effect of this 
on commutation, an operating speed of 10,500 rev/min was chosen for 
the wheel motor.
S .
For a given output power from a motor, any increase in 
operating speed will reduce the torque developed. Although the size 
and weight of the motor would be very much reduced, those of the 
gearbox would be increased. At such high speeds, however, a two- 
stage reduction gearbox would almost invariably be used (Figure 2.3). 
It will be seen that a drum-type commutator is used for compactness,
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and that, too, had to he designed to-, operate at high speeds without 
bursting.
2 .2 .2 : The R a d iato r C o o lin g  Fan Motor,
It will he found that much more information can he gained 
by considering a design for an automobile’s radiator cooling fan 
motor. The main design criteria for this are for the shortest 
overall length, and for the cheapest construction. At first eight, 
these would not appear to he suited to an academic study, hut they 
will he seen to introduce some interesting changes to the machine, 
not mentioned before.
The first step towards meeting the two criteria was to 
select a high coercivity material, Feroba III, and to use a single 
set of magnets, to one side of the armature disc only. This arrangement 
has already been described with a solid mild steel ring completing 
the magnetic circuit on the remote side of the disc. If, however, 
this ring is incorporated into the armature, as can easily he done 
in the encapsulation process, both of the criteria would benefit.
The air gap length will be shorter, leading to a corresponding 
reduction in magnet length. The construction will also be simplified 
because a static means of support for the ring is no longer required.
This arrangement was therefore adopted for the "fan motor", 
but in so doing, an armature free from iron losses was sacrificed.
It is common practice to laminate any such ring that has an alternating 
field within it. In the Disc-Armature machine, these laminations 
will need to run in the circumferential direction. For the fan motor, 
this means winding a ring that is 3 mm. wide, from 68 mm. diameter 
to 118 mm. diameter. This is clearly difficult to handle during 
the manufacture of both the ring and the complete armature, and so
Having decided on some form of laminated structure, an 
even shorter magnet length would be required if the ring was slotted, 
occupying the full disc thickness at the teeth. It was found, however, 
that at present, neither a laminated nor an iron powder ring could 
be slotted to fit an armature of this size. The motor design is 
shown in Figure 2.SI, and its specification is given in Table 2.2.
The armature coils are connected as a wave winding, thus 
minimising the cost of the brushgear. This motor was originally 
designed with a face-type commutator, but the brushholders were 
found to protrude well beyond the limits of the machine's magnetic 
circuit. The present commutator shape was therefore adopted, such 
that the brushes are housed between the magnets. This represents 
a shift of half a pole pitch from their normal positions, which 
must be accompanied by a similar shift in the connections between 
coils and the commutator.
2. V. Principles of Machine Performance Calculations.
As with the design of any conventional d.c. motor, 
there are only a discrete number of winding arrangements. An attempt 
should be made, though, to fill up the available space at the inner 
radius of the active length of conductors, in Figure 2.5 . This 
demonstrates a disadvantage of the axial field machine, because 
there will always be some wasted armature volume at radii greater than 
R.|. This is wasted in the sense that it is not filled with current 
carrying conductor producing torque in the available magnetic field.
To co m p lete ly  f i l l  the radius R. does not take account of the end- 
w in d in g s, which must e x is t  at r a d i i  le s s  than R^. The shape of th e 
coils is such that the end-windings are stacked behind the line of 
the pole faces. Their location must therefore be made as close to
compressed iron powders were evaluated as an alternative material.
Having decided on some form of laminated structure, an 
even shorter magnet length would be required if the ring was slotted, 
occupying the full disc thickness at the teeth. It was found, however, 
that at present, neither a laminated nor an iron powder ring could 
be slotted to fit an armature of this size. The motor design is 
shown in Figure 2.5J, and its specification is given in Table 2.2.
The armature coils are connected as a wave winding, thus 
minimising the cost of the brushgear. This motor was originally 
designed with a face-type commutator, but the brushholders were 
found to protrude well beyond the limits of the machine's magnetic 
circuit. The present commutator shape was therefore adopted, such 
that the brushes are housed between the magnets. This represents 
a shift of half a pole pitch from their normal positions, which 
must be accompanied by a similar shift in the connections between 
coils and the commutator.
2, V  Principles of Itachlne Performance Calculations.
As with the design of any conventional d.c. motor, 
there are only a discrete number of winding arrangements. An attempt 
should be made, though, to fill up the available space at the inner 
radius of the active length of conductors, in Figure 2.5 . This 
demonstrates a disadvantage of the axial field machine, because 
there will always be some wasted armature volume at radii greater than 
R^  • This is wasted in the sense that it 1b not filled with current 
carrying conductor producing torque in the available magnetic field.
To co m p lete ly  f i l l  the radius R1 does not take account of the end- 
w in d in gs, which must e x i s t  at radii less than R^. The shape of th e 
coils is such that the end-windings are stacked behind the line of 
the pole faces. Their location must therefore be made as close to
compressed iron powders were evaluated as an alternative material.
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Table 2.2: Radiator cooling fan motor
Output power 
Supply voltage 
Speed
Outer active diameter 
Inner active diameter 
. Number of poles 
Pole arc/pole pitch ratio
Magnetic circuit:
Material
Magnet flux density 
Magnet magnetising force 
Estimated useful flux/pole 
Magnet length 
Air gap length
Electric circuit;
Number of parallel paths 
Number of layers 
Number of coils 
Number of tums/coil 
Wire diameter (copper) 
Current density
design specification. 
90 W.
14 y .
2730 rev/min 
118 mm.
68 mm.
8
0 .8
Feroba III 
0.286 Wb/m2
5.05 x 104 A/m. 
1.64 x 10"4 V.rb.
12.5 mm.
3.5 mm»
2 
2 
39 
5
1.0 mm.
2
6.0 A/mm
Feroba III 
0.286 Vfb/m^
5.05 x 104 A/m. 
1.64 x 10-4 ’AT).
Number of parallel paths 2
Number of layers 2
Number of coils 59
Number of turns/coil 5
Wire diameter (copper) 1.0 mm.
Current density 6.0 A/mm'
Table 2,2: Radiator cooling fan motor design specification
Output power 
Supply voltage 
Speed
Outer active diameter 
Inner active diameter 
. Number of polos 
Pole are/pole pitch ratio
Magnetic circuit:
Material
Magnet flux density 
Magnet magnetising force 
Estimated useful flux/pole 
Magnet length 
Air gap length
E le c t r ic  c i r c u l t t
in _l

• j " W' / Ei , r ri,dr
r./e,
e is the e.m.f. in the whole active conductor at angular 
position j. It would be convenient to remove the dependence of flux
R.j as possible, allowing a clearance ( normally of about 1 mm. ) 
between the armature and the bottoms of the magnets.
In the subsequent calculations it will be assumed that only 
the conductors lying between radii R1 and R2 (Figure 2.5) are 
producing useful torque. These dimensions are the inner and outer 
radii of the magnets. Any additional torque produced by stray 
fields in the end-windings will be assumed to be negligible. In 
conventional machines, the normal method of determining the e.m.f. 
in conductors uses an average value of useful flux density, calculated 
over one pole-pitch. It will now be shown that this is not a 
reasonable method to employ in Disc-Armature machines.
Consider the element of armature conductor shown in Figure 
2. 5. Its radial and angular positions are described by the subscripts 
i and j respectively, its angular velocity is w, and the remaining 
dimensions are as shown in the figure. Initially, no assumptions 
will be made about the distribution of flux, which will be described 
by the same subscripts. Thus, the flux cut by the element sweeping 
through area dA will be
4*1.J ■ «1,3-"
* B, ..r..dr.de i »0 1
The e.m.f. in the element will then be given by
. *1.3 • • *i.3-V*’- S
dt
- w.Blfj.r1.dr
¿ 3
density on radius, so that the integration can be performed. The
angular position. A similar calculation applied to a conventional 
machine shape is, however, identical to the determination of the 
mean. It will sometimes be found that the actual flux density 
distribution makes it difficult to perform the integration of Equation 
2.4, and so it will be useful to state equivalent expressions for 
numerical integration. If the active conductor length is divided 
into n elements of length hr, then
Equation 2.4 indicates that the contribution of a given 
flux density to the e.m.f. of the conductor is proportional to that
of the conductor is proportional to radius. It is therefore not 
surprising to find that the inverse of the multiplying constant in 
Equation 2.4 is the product of active conductor length, 1, and
was defined as an integration of j over radius. The expression 
for e.m.f, becomes
(2.3)
(2.4)
This expression is not the mean flux density at any given
“ è.w.n. Sr.gj.(R,j + R2) 
8,
(2.5)
(2.6)
radius at which it is situated. This is because the linear velocity
average radius. If the linear velocity, v, is calculated at this 
radius, Equation 2*3 then becomes the familiar expression
V x-V (2.7)
It is correct to use this for the Disc-Armature machine, provided
that B. is not calculated as the mean of B. ..J "iij
The cause of the deviation from conventional d.c. machine
overcomecalculations is the inseparability of B. . from r.. This is“1,0 l
flux density", Pj,
j 4 t  i i . r V -  (J-e)
2 1 ij
by defining a "moment of  such that
The bar over P. indicates that the calculation is that of the mean J
of B. ..r. over the active radius. The conductor e.m.f., which was
■"lfj i
given in Equation 2.2, now becomes
e^ - Pj.l.w (2.9)
This same result is obtained by defining Pj also as
’i‘4
These results show that the calculation of conductor 
e.m.f. in an axial field machine can be simplified by taking a suitable 
mean. However, this is not the mean of flux density, as is true for 
conventional machines, but the mean of flux density moment.
The e.m.f. calculated from Equation 2.9 is for a given 
angular position J, and from it can be found the average conductor 
e.m.f. , Ec, for one complete armature revolution. For a d.c. machine, •
this is
- e_ ( < v de
2*
2«
ft
' ■ h
l.w / Pj.de
The integration is performed over one pole pitch, p being the number
of poles per set of magnets. As the result of this is the mean of
P , another moment of flux density, P, can be defined, that is notJ
dependent on angular position.
P - £_
2ji f v de
Hence
2n.
P.l.w
r V
2i,rri-dr*de (2.11)
J J 
0 <JsÄ,
(2.12)
where P is the mean of B, ,.r, over the active area of a pole pitch.~i, j i
If there are 7. conductors in series, the total armature e.m.f.
8
will therefore become
E - P.l.w.ZB (2.1J)
For the purpose of designing a machine, it is better to write this as
E - it.N.P.(d2 - d^).Z (2.14)
a
where N rev/sec is the speed,
Z is the number of conductors, 
a is the number of parallel armature paths, 
d1, d2 are the diameters corresponding 
to R.j, R^.
It is possible to calculate the total flux per pole, 0 , for a Disc-
Armature machine in a similar way. It is simplest to remember that
e. » d0. » P ..1.d8 
3 J dt
Hence .d6
0 - 2ff.l.P (2.15)
P
The com bination o f  liquations 2.15 and 2.15 yields the familiar
expression for a d.c. machine
E - 0.N.P.Z 
a
The geometry of the field system has now been eliminated, 
and it need not appear in subsequent calculations of machine performance. 
The associated geometry of the armature winding will, however, have 
to occur in a calculation for armature resistance.
It has been shown that an important quantity in the theory 
of the Disc-Armature machine is the moment of flux density. Its 
mean value directly affects the armature e.m.f. and the flux per 
pole.' This value itself depends upon the design of the field system, 
and so the effect of the latter upon machine performance must be 
carefully studied.
26.
E - {S.N.p.Z (2.16)
a
The geometry of the field system has now been eliminated, 
and it need not appear in subsequent calculations of machine performance. 
The associated geometry of the armature winding will, however, have 
to occur in a calculation for armature resistance.
It has been shown that an important quantity in the theory 
of the Disc-Armature machine is the moment of flux density. Its 
mean value directly affects the armature e.m.f. and the flux per 
pole.' This value itself depends upon the design of the field system, 
and so the effect of the latter upon machine performance must be 
carefully studied.
N
5. MAGNETIC CIRCUIT.
The performance of an axial-field permanent magnet machine 
depends very much upon the design of the field system. The first 
step towards investigating this dependence is an accurate determination 
of the field distribution in the air-gap of the machine. This will 
lead, firstly, to an indication of the optimum pole shape, and then 
to a direct calculation of the e.m.f. induced in the armature conductors. 
There can he no approximation to a two-dimensional system, as no 
account could then be taken of the dependence of flux density upon 
radius.
5 .1 .  Fermeance o f  the a ir - g a p .
An attempt has already been made to determine the useful 
flux density in the air-gap of a Disc-Armature motor (Reference 2).
This was derived from the working point on the B-H characteristic, 
by subtracting the leakage flux to adjacent magnets. It was therefore 
necessary to define the paths of the leakage flux, and this was done 
by a well-known method (Reference 4). The product of the permeance 
of each path, and the magnetomotive force acting along it, yields 
the required value of flux.
Initially, four paths for leakage flux were considered 
(Figure 3.1). It was assumed that a path was either a straight line, 
an arc of a circle, or a combination of both. It was realised that 
flux would actually follow shorter paths than those assumed for the
magnet tops and bottoms, paths (ii) and (iii). Accordingly, 20* was 
added to the permeance calculated for these. Conversely, it was felt 
that leakage flux at the magnet faces, path (iv), would follow longer 
paths, and so 20^ less permeance was used. It is difficult, now,

to  nee any j u s t i f i c a t i o n  f o r  t r e a t in g  th ese d i f f e r e n t ly ,  a lth ou gh  
the p ro x im ity  o f  th e rem ain ing m agnetic c i r c u i t  to  the l a t t e r  path 
might p ro v id e  an e x p la n a tio n . In  f a c t ,  the shortness o f  th e  a ir -g a p  
len g th  was used to  show th a t  lea k a g e  a lo n g path ( iv )  v e ry  r a r e ly  
o ccu rred . A v e ry  h igh  p o le  a rc / p o le  p itc h  r a t io  was re q u ir e d  fo r  t h i s ,  
when d i r e c t  lea k a g e  a t  th e magnet s id e s ,  path ( i ) ,  would be dominant.
I t  i s  c le a r  th a t  t h i s  i s  on ly  an approximate m o d e l.o f the 
path s o f  lea k a g e  f lu x .  T h is  i s  r e f le c t e d  in  the use o f  a  c o r r e c t io n  
f a c t o r ,  though the f ig u r e  o f  20  ^ can on ly  be an i n t u i t i v e  gu ess.
I t  was a ls o  n e c e s s a ry  to  determ ine a va lu e  f o r  th e  m .m .f. 
d r iv in g  f lu x  a lo n g  p ath s ( i )  t o  ( i i i ) .  Prom an experim ent on a  s in g le  
magnet, a  v a lu e  o f  0 .184 tim es the m .m .f. on the magnet f a c e  was 
deduced. T h is i s  p a r t ic u la r  t o  the m a te r ia l u se d ?and th e  shape o f  
th e m agnet, and cou ld  not th e r e fo r e  be used fo r  any fu tu r e  d e s ig n s .
I t  i s  d o u b tfu l w hether t h i s  v a lu e  i s  th e same when the magnet i s  
assem bled in to  a com plete c i r c u i t .
A u s e fu l  f lu x  d e n s ity  was n e v e rth e le ss  a r r iv e d  a t ,  but not 
w ith ou t making a fu r th e r  e s t im a tio n  o f  the lo s s  o f  m .m .f. in  th e 
rem aining m agnetic c i r c u i t ,d e f in e d  as the ' l o s s  f a c t o r ' i n  Eqn. 2 .1 .  
T h is method i s  th e r e fo r e  n ot s u f f i c i e n t l y  a c c u ra te  to  be used in  the 
d eterm in atio n  o f  an optimum d e sig n  o f  the machine. I t  i s  a ls o  d o u b tfu l 
whether i t  would a c c u r a te ly  p r e d ic t  i t s  perform ance. An a lt e r n a t iv e  
method o f  c a lc u la t in g  th e f i e l d  in  the a ir -g a p  w i l l  th e r e fo r e  be 
sought.
3 .2 . D ir e c t  s o lu tio n  o f  L a p la c e 's  E quation, and s im p li f ic a t io n  o f  the
boundary c o n d itio n s .
A method th a t  u ses th e  S ch w a rz-C h risto ffe l tra n sfo rm a tio n  was 
developed by F .W .C arter in  1900 (R eferen ces ) .  C a r t e r 's  d e r iv a t io n  
i s  ex trem ely  co m p licate d , and i s  not s u ita b le  fo r  such an  a rr a y  o f
3 o
magnetic poles. The assumptions are made that the poles are infinitely 
long, and that the whole pole surface, including the sides, is at 
one potential. It is clearly not sufficiently accurate to assume 
these when the pole3 are high coercivity permanent magnets. The 
solution is in two-dimensions, and would become extremely difficult 
to handle in three-dimensions. However, the need to consider the 
third (radial) direction has already been indicated, and will be 
demonstrated later. A conclusion of Carter's paper is that the 
presence of adjacent poles will have practically no effect on the 
field under the main pole. Simple tests on permanent magnet blocks 
will show a noticeable error in this result.
It would be desirable to use such a direct calculation of 
the field, and yet the assumptions used by Carter will not be valid.
It will be worthwhile attempting a direct solution without transforming 
the system into new co-ordinates, as the assumtions were originally 
made to ease this transformation. For the moment, though, it will 
be simpler to consider the two-dimensional problem at a given radius. 
Thi3 is shown in Figure 3.2, where OC and AB are the flux return ring 
surfaces, OA and CB are the neutral lines between adjacent magnets, 
and the magnet boundary is DEFG. The north and south pole faces are 
FG and ED respectively. If the potential distribution over the pole 
surface is known, it is possible to find the flux distribution in the 
air-gap as required. However, some important simplifications can 
be made for these permanent magnet poles.
The high coercivity materials used in Disc-Armature machines 
a re  homogeneous u n ifo rm ly  m agnetised media. I t  will t.nerefore be 
assumed that the d ir e c t io n  o f th e in t r in s ic  m a gn etisa tio n , 
is constant and in the axial x-direction. b'lthin the permanent
■ .
*-• V. -
F igu re 3-2; Tw o-dinenelonal re p re se n ta tio n  
o f  magnet and a i r  gap.
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magnet material, the following expressions apply, their relationship 
being given in Appendix I.
2 “ /*q(2 + -) (3.1)
div B - 0 (3.2)
curl H « 0 (3.3)
Substituting Eqn. 3-1 into Eqn. 3.2, the magnetising force, H, in 
the material will obey
div H = - div M (3-4)
This type of permanent magnet can therefore be likened to an air-gap, 
since the assumption about K means that, within the material
div M - 0 (3.5)
The folloi/ing vector identity is written in H: 
curl curl H = grad div H - 
Equations 3*3* 3.4» and 3.5 are then substituted into this, and H 
then reduces to Laplace's Equation,
0 (3.6)
Because H is the gradient of the scalar potential distribution 
already mentioned, it is possible to solve Laplace's Equation for 
either magnetising force or potential in such a material.
The exceptions to this rule are the faces ¡of the magnet, 
where V. terminates. However, there need be no boundary conditions 
on any other surfaces of the magnet, so that the sides DG and EF 
can be eliminated from Figure 3.2. Furthermore, the south pole,
ED, is attached to a mild steel plate, and will be assumed to be at 
aero potential. This is true if the effect of the plate is to remove 
the south pole to an imaginary position behind the platers surface, 
at a distance equal to the magnet's length. This would cause the 
flux density, B, and the magnetising force, H, to cross the magnet/ 
mild steel boundary normally at all points. At any such boundary,
d/ (x,e) = ? V r ~1 fb( 9). sin nffB.del sin nwg.
C/.lsinh/nirHi I C J C
n-1 I C /■ 'O
^  C
•hJx.e) » 2 V r  1_____  ||||(e).sin nij9.de] sin njt§
C / .j sinh ^nwf A-hJ J C J C
U / x - H
the normal component of B and the tangential component of H will 
be identical on either side. To ensure that H in the magnet is 
mostly normal to the boundary, while satisfying the continuity 
conditions, it will therefore be necessary for the permeability 
of the mild steel to be much greater than that of the magnet material. 
Most permanent magnets operate at permeabilities comparable with 
and so the assumption will not introduce any significant error.
Figure 3.2 can therefore be simplified to Figure 3-3* the whole 
boundary OABC being at zero potential. Upon the north pole, FG, 
there will be a source potential distribution, jí(e).
These boundary conditions do not hold for H, and so it will 
be simpler to solve Laplace's Squation for potential than for 
magnetising force. The solution of - 0 is eased if the region 
is divided into two areas by the line HI, and if the definition of 
l/l(6) is extended to the whole of this line. The separation of variables 
and application of the boundary conditions is straightforward, and this 
is given in Appendix II. The potential distributions in areas 1 
and 2 are then given by j
sinh nxx (3*7) 
C
sinh ns(A-x) (3•8)
C
The magnetising force crossing the lines GI and FH must be
continuous. Considering the x-direotion, this is expressed as

Differentiating Equations 3.7 and 3.8, this condition becomes
coth nwH = - coth nn(A-H) (3.9)
C C
There is, however, no way in which Equation 3.9 can be realised, 
as A must always be greater than H. Continuity must therefore be 
achieved by the function jK®) being zero along HP and GI. If the 
soxirce potential on FG is given, there now exists a complete set of 
boundary conditions for the rectangle HABI. It will then be possible 
to find the field in the air-gap, area 2, without reference to area 1.
' This direct solution has led to an erroneous result, 
because there must clearly be field lines crossing HP and GI for 
certain arrangements of the magnetic circuit. For example, this 
must happen at some stage if the pole arc/pole pitch ratio is steadily 
decreased. However, jll(e) is zero on these lines, and so Equations 
3.7 and 3.8, and their derivatives will also be zero.
The extension of the definition of to the whole of
the line HI divided OABC into two areas. It simplified the solution 
of the potential distribution, but introduced a clear error in the 
result. It has, in fact, taken no account of the magnet length, 
which was originally stated to be of importance for high coercivity
p
permanent magnets. A solution to 0 will now be sought that
requires potential to be specified only on the magnet face within the 
boundary. An iterative method will easily allow a solution to the 
three-dimensional problem, which will subsequently be shown to be 
important.
3 .3 . I t e r a t i v e  s o lu tio n  o f L a p la c e 's  E quation .
The geometry of this machine requires that Laplace's
Equation be expressed in cylindrical co-ordinates as s
36.
r.dÿl + 1 .¿fÿ + àc>P =
r <^r ' W  r2 de2 <àc2
0 (3.10)
For an iterative solution, it is simpler to differentiate the first 
term with respect to r.
The air-gap in the machine, including the regions between adjacent 
magnets, can he spanned by a three-dimensional grid. Each point in 
the grid will be denoted by the subscripts i, j, and k, these being 
integers describing the position of the point in the r, 6, and x 
directions respectively. Figure 3.4 shows the relationship of 
adjacent points to a point Q. . . .i, J ,K
A solution of the field will be symmetrical about the centre-
line of a magnet, and any iterative method need only be performed 
to one side of the radial plane defined by this line. Figure 3*5 
shows the volume in which the calculation will be performed, « being 
the pole pitch and •< the pole arc. The origin is defined so that the 
increments in each direction can be related to the absolute distances 
by the integers i, j, and k. Thus:
r = i.(Sr) i 6 - J.(<6) } x - k.(ix)
Finite difference formulae are used to express Equation 3.11 
in terms of the grid shown in Figure 3.4. If the increments are 
related by a constant V, such that ix - V.&r, the potential at the 
point Q can be expressed in terms of the potentials at adjacent 
points as ___
(3.11)
^i.j.k “
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This expression ignores terns proportional to the square of the 
increments, and higher powers. A greater accuracy will therefore he 
achieved if the increments are reduced in size, creating more grid 
points. However, it will he seen from Figure 3.5 that much of the 
volume is filled hy the magnet itself. The region within the magnet 
is of little interest,provided an accurate calculation of the field 
in the air-gap is achieved, and so it will he advantageous to exclude 
this if possible. As the iteration v/ill have to he performed hy 
computer, this will make more store space available for a finer 
grid elsewhere.
It has already been shown how some of the magnet boundaries 
can be removed, Figure }.?. reducing to Figure 3*3. For an iterative 
solution, it would be better not to do this, but to define the source 
potential on all the surfaces of the magnet that border the air-gap. 
Furthermore, the part of the air-gap in which the armature lies 
is of greater interest than the spaces alongside the magnet. Regions 
are marked in Figure 3.5, and clearly region 1 merits closer attention, 
and hence a finer mesh, than regions 2, 3, or 4.
Equation 3.12 will therefore take on a different form for 
each of the four regions, and there will be unequal increments in the 
grid at the boundaries between them. In the 6-direction (Figure 3-5) 
a finer grid will be used for G>£* than for 0 < 6 < i *  . There will 
also be a finer grid in the x-direction over the air-gap length than 
the magnet length. The ratio of the increments in the coarse and 
the fine grids will be ij and 5 , for the 6- and x-directions respectively. 
Equation 3.12 should therefore be written in the more general form:
io.
M :LJ
„  - -  -- ■
>n + 1 + _i_\
V n.i?£e2 ft?/
i?ie2ij(i+ij)
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Equation 3.13 can be applied to all the boundaries between 
different grid sizes, by a suitable choice of rj and £. It can be used 
within any grid by setting *j and £ to unity, and making the appropriate 
choice of <0 and v.
It will be necessary to define boundaries, which will be at 
zero potential, in the radial direction. In the machine itself, 
there will clearly be an outer casing which, if made from mild steel, 
would be the outer radial boundary. A consideration of the commutator 
or shaft would give the inner radial boundary. However, as the 
field beyond the tops or bottoms of the magnets is of little significance 
in determining machine performance, the assumption will be made that 
these radial boundaries are only small distances beyond the magnets.
This will benefit the calculation in the air-gap as more computer 
store will be available for the grid there.
Before any iteration can commence, all of the grid points must 
be given initial values. A linear extrapolation will be used along 
grid lines running normally from the magnet surface to the zero 
potential boundaries. The remaining regions will be initialised 
by similar extrapolations from grid points already valued. A 
successive over-relaxation method will be used (Ref. 6), TSquation 3.13 
providing the residual valves at the grid points. The iteration 
will terminate when the maximum residual is reduced to a satisfactorily 
low value. It will then be possible to calculate the magnetising
, 3.1 /1 + 1 + 1 1 f (1 + 'jl) ^ i+1 »J»k + (1 i-l.j.k
' 7-i?ie2 fv7  I
i?S92rj(1+ij)
^ 1,^ +1, V
i2ie2(i+ij) ^ i,0-1,1
v"i(1+J)
*i.J. k+1
v2(ng)
P  i,3,k-lj (3.13)
Equation 3.13 can be applied to all the boundaries between 
different grid sizes, by a suitable choice of rj and £ . It can be used 
within any grid by setting *j and { to unity, and making the appropriate
choice of i8 and v.
It will be necessary to define boundaries, which will be at 
zero potential, in the radial direction. In the machine itself, 
there will clearly be an outer casing which, if made from mild steel, 
would be the outer radial boundary. A consideration of the commutator 
or shaft would give the inner radial boundary. However, as the 
field beyond the tops or bottoms of the magnets is of little significance 
in determining machine performance, the assumption will be made that 
these radial boundaries are only small distances beyond the magnets.
This will benefit the calculation in the air-gap as more computer 
store will be available for the grid there.
Before any iteration can commence, all of the grid points must 
be given initial values. A linear extrapolation will be used along 
grid lines running normally from the magnet surface to the zero 
potential boundaries. The remaining regions will be initialised 
by similar extrapolations from grid points already valued. A 
successive over-relaxation method will be used (Ref. 6), Equation 3.13 
providing the residual values at the grid points. The iteration 
will terminate when the maximum residual is reduced to a satisfactorily 
lev: value. It will then be possible to calculate the magnetising
IK m
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(3.13)
E quation  3.13 can be a p p lie d  to  a l l  the boundaries between
d i f f e r e n t  g r id  s i z e s ,  by a s u ita b le  ch o ice  o f  and £ .  I t  can be used 
w ith in  any g r id  by s e t t i n g  »j and £ to  u n it y ,  and making th e ap p ro p ria te  
c h o ice  o f  <9 and V.
I t  w i l l  be n e c e ssa ry  to  d e fin e  b oun daries, which w i l l  be a t  
zero  p o t e n t ia l ,  in  th e r a d ia l  d ir e c t io n . In  the machine i t s e l f ,  
th e re  w i l l  c le a r l y  be an  o u ter  c a s in g  w hich, i f  made from m ild s t e e l ,  
would be th e o u te r  r a d ia l  boundary. A c o n s id e ra tio n  o f  the commutator 
or s h a ft  would g iv e  the in n er r a d ia l  boundary. However, a s  the 
f i e l d  beyond th e top s o r  bottoms o f  the magnets i s  o f  l i t t l e  s ig n if ic a n c e  
in  d eterm in in g machine perform ance, the assum ption w i l l  be made th a t 
th e se  r a d ia l  boundaries are  on ly  sm all d is ta n c e s  beyond the magnets.
T h is w i l l  b e n e f it  th e c a lc u la t io n  in  the a ir -g a p  as more computer 
s to re  w i l l  bo a v a i la b le  f o r  the g r id  th e re .
B efore any i t e r a t i o n  can commence, a l l  o f  th e g r id  p o in ts  must 
be g iv e n  i n i t i a l  v a lu e s .  A l in e a r  e x tr a p o la tio n  w i l l  be used a lo n g  
grid l in e s  running n orm ally  from the magnet su rfa c e  to  th e zero 
p o te n t ia l  b ou n d aries. The rem aining re g io n s w i l l  be i n i t i a l i s e d  
by s im ila r  e x tr a p o la t io n s  from g r id  p o in ts  a lre a d y  v a lu ed . A 
successive over-r e la x a t io n  method w i l l  be used (R e f. 6), Equation 3.13 
p ro v id in g  the r e s id u a l values at the grid points. The iteration 
w i l l  term in ate when th e  maximum r e s id u a l i s  reduced to  a s a t i s f a c t o r i l y  
low v a lu e . I t  w i l l  th en  be p o s s ib le  to  c a lc u la t e  the m agnetising
4/
force, and hence flux density In the air-gap, from the gradient of 
the grid potentials.
Of greatest interest is the magnetising force in the 
x-direction, which can be expressed at any of the grid points as:
H„
Ì f ò fk 0i,.1,k+2 ~ B i^,.i.k-f1 * ^i.j.k-l ~ l^ i..i,k-2 12.V.ir
(3.14)
The error in this equation is in the fourth and higher powers of 
the increments, this being additional to the original error in 
calculating the potentials. For grid points that are close to any 
of the boundaries,it will be necessary to use one of Equations 3.15 
rather than Equation 3-14. In this case, the error is slightly 
greater, commencing in the square of the increments.
Hv
i.j.k k-2 r i , . i ,k - 12.V.6 r
.'fjjAji
Hv
i.j.k lftl.i.k + 2  ~ ^ i,.i.k -+ 1  *  • ^ l . j . k  2 .V .t r
}
(3-15)
A program entitled "Fields" was written to calculate the 
air-gap field in this way,and its flow diagram is given in Figure }.6. 
The grid is stored in four arrays, corresponding to the regions defined 
in Figure 3.5. I t  will, however, be noticed that unique calculations 
are required not only on the regional boundaries, .by virtue of the 
unbalanced mesh, but at some points adjacent to these boundaries, 
because Equation 3.13 refers to more than one array. Region 1 is 
defined to include the magnet face, and region 2 the magnet side. 
Regions 3 and 4 will, therefore, not end on the planes defined by 
th e  extensions of these surfaces, but at distances of one increment 
behind th e p la n e s . The same a p p lie s  to region 2 and the extension 
of the magnet face. A unique calculation will also be required
42
5 .6 : Flow diagram  o f  the program " F ie ld s " .
Figure 3-6 (continued)
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13.INCREASE 1 increment 
from backing plate.
14a.Allow different 
region for k+1
/14,IS grid point 1 \
point. increment behind )
YffA magnet face ?_____ _/
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15a.Allow different 
region for k-1 
point. Change grid 
size in axial 
direction. ______
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15.IS grid point on 
magnet face ?
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KO
KO <
>
16. IS grid point at 
flux return ringt \
YES
17«Decrease 1 increment 
from outer diameter.
1 8a.SET grid point 
back to 1 incre­
ment from 
tacking plate.
18.IS grid point on 
magnet top ?____
YES
19.COMMENT: Steps 9 to 19 
have calculated the 
potentials on the magnet 
centre-line, above line 
of magnet ton.
IK A BANKER
TO ST'I"S 0 ,r|0 19 :
(taking account of 
changes of region A 
grid size).
20.CALCOLATE potentials on 
magnet centre-line in 
front of magnet.
21.CALCULATE potentials on 
magnet centre-line below 
line of magnet bottom.

Figure 3 . 6  (co n tin u ed )
22.CALCULAT3 p o te n t ia ls  above 
l in e  o f  magnet top up to  2 
in t e r v a ls  b efo re  l i n e  o f  
magnet s id e .__________
23.CALCULATE p o te n t ia ls  in  
fro n t o f  magnet up to  2 
in t e r v a ls  b efo re  l in e  o f  
magnet s id e .
24.CALCULATE p o te n t ia ls  below 
l in e  o f  magnet bottom up 
to  2 in t e r v a ls  b efo re  l in e  
o f  magnet s id e ,___________
2 5 .CALCULATE p o te n t ia ls  above 
l in e  o f magnet to p , 1 in terva  
b efo re  magnet s id e ._________
26.CALCULATE p o te n t ia ls  in  
fr o n t o f  magnet 1 in te r v a l  
b efo re  magnet s id e .
2 7 .CALCULATE p o te n t ia ls  below 
l in e  o f  magnet bottom 1 
in t e r v a l  b efo re  magnet s id e .
28.CALCULATE p o te n t ia ls  above 
l in e  o f  magnet top in  l in e  
w ith magnet s id e ._________
29.CALCULATE p o te n t ia ls  in
fr o n t o f  magnet in  l in e  w ith 
magnet s id e ,_______________
30.CALCULATE p o te n t ia ls  below 
l in e  o f  magnet bottom in  
l in e  w ith  magnet s id e .____
YES
3 1.CALCULATE p o te n t ia ls  o u tside
l in e  o f  magnet s id e .___________
_ i ---------------------------- 1 _
3 2 . IS max. r e s id u a l too  la r g e  ? y 
NO |  continued
;V " - A
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Figure 5.6 (continued)
33 .CALCULATE a x ia l  f i e l d  in  
a i r  gap a t  any d esire d  
p o in t u sin g  EqnB. 3*14 or
on the magnet centre-line plane, giving '<1, and ill,rl,J+l ,k >i,J-1,K
identical values.
These unique calculations make the iteration process of 
Figure 3.6 appear more lengthy than it really is. The object of 
saving store space is achieved by a more detailed specification of 
the iteration. This does not, however, add greatly to the time 
taken to complete the solution. Experience is used in the choice 
of the degree of over-relaxation, and the value to which the maximum 
residual must fall for the process to terminate. A test for the latter 
is performed at the end of each complete scan of the grid, using the 
modulus of the residuals.
3.3.1. Potential on the magnet surface.
The input to this program also includes the potentials at 
the grid points on the magnet surface. It has been shown, for 
example, that a constant potential is an unsatisfactory assumption, 
and so a more accurate method of calculation must be sought. This 
must be capable of determining the potential on the magnet sides 
as well as on its face.
By combining H - - grad |p and Equation 3.4, the general 
relationship between potential and intrinsic magnetisation can be 
written as
V2y - div K . (3.16)
At the magnet surface, V is discontinuous, and appears as a surface 
pole strength V.g. Using Equation 3.1, and equating the normal
components of flux density on either side of the surface, .the
su rfa c e  c o n d itio n  can bo fountf a.?
dill + dUi . K (3.17)
dn fin' 8
where n and n' denote the normals to the surface pointing towards
_____
opposite sides. If the potential becomes zero at infinity, Equations 
3.16 and 3.17 can be combined to give a general solution (Reference 7) 
for the potential at any point Q (Figure 3»7)s
Arrf - fdiv M .dV + f Mo .dA (3-18)
For a homogeneous uniformly magnetised medium, div M = 0 
and M0 only occurs on the pole faces. It will therefore be seen that 
the surface condition is needed in order to produce a non-trivial 
solution. Equation 3-18 can be reduced to Equation 3.19« and the 
normal direction becomes the x-direction in Figure 3-7.
i(J = f .dA (3.19)
It is now possible to calculate the potential at all points 
on the magnet surface, including its sides as required. However, 
since there is a singularity at q » 0, care will have to be taken to 
exclude this point from the integral in order to produce a finite 
result. Equation 3.19 could also be used to calculate the potential 
at each of the grid points directly, though it will be found much 
les3 time consuming to follow the iteration process already described. 
This is due mainly to the geometry of the magnet system, which makes 
it necessary to perform the integration in the angular direction by 
numerical means. The potential at the point Q is derived with the 
aid of standard integrals (Reference 8). from Equation 3.19 using
Figure 3.7 as
p o 2 x* + r + 8 - 2rs*coo e)^ + 8.cos 6,sinh~^r - s.cos 8 1
(x' + s?.cinie)'; J
r=i.
....(3.20)
This expression will clearly give a much more realistic variation 
in potential over the magnet surface, than that used by Carter for


example. Furthermore, it can take account of the whole magnet system 
if necessary.
3.7>.2. Allowance for neighbourir.fr magnetic materials.
The example has already teen given of how a mild steel plate 
can be eliminated from the system by the suitable positioning of 
image poles. An equivalent system to that in the machine can be 
built up as shown in Figure 3.6. It is only necessary to include 
poles that are a significant distance from the region of interest, 
which in this case is the surface of the original magnet. The 
significant distance is given by q in Equation 3*19.
Equation 3*20 gives the potential due to one pole, and the 
expression for image poles will merely require an alteration to the 
axial distance x. Adjacent poles should also be taken into account, 
and this can be done by changing the range of integration in the 
angular direction by multiples of the pole pitch.
The positions of image and adjacent poles should be such as 
to produce zero potential on the mild steel plates and the neutral 
planes between adjacent magnets, as occurred on the boundary OABC 
in Figure 3.2. The close proximity of these to the main pole will 
give rise to a greater potential gradient in the air-gap, as would 
be expected. In the calculation of potential distribution on the 
surface of the main pole, their presence will reduce this at all points 
since the dominant image and adjacent poles will be of opposite 
polarity to the main pole. This will moderate any increase in the 
field caused by a reduction of-the air-gap.
A much better a p p r e c ia t io n  o f th ese effects can be gained 
by considering the build-up of a magnet system. Tests were performed 
on small blocks of Feroba III, the material used in the radiator
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cooling fan motor. By means of a Hall Effect probe, the field 
emerging normally from the centre of the north pole face of one magnet 
was measured. Six different configurations were investigated, 
and these are summarised in Figure 3.9.
The flux from an isolated magnet was found in test 1, 
and two adjacent poles were brought alongside it for test 2. An 
11.95^ increase in flux is due to the introduction of the zero 
potential planes between the magnets. Although these are perpendicular 
to the pole faces, they still affect the field. When the magnet 
was attached to a mild steel backing plate (test 3) , a more noticeable 
32.7$ increase was measured. In terms of the previous discussion, 
this is solely due to the opposite pole face being removed to twice 
the distance from the main pole face.
A similar increase in flux of 31.9$ resulted from attaching 
the plate (test 4) to the three adjacent magnets. Alternatively, 
there was a 10.9$ increase over test 3« which compares quite well 
with the first result. The system described in test 4 can be 
derived in two ways. Adjacent magnets can be positioned, followed 
by the introduction of the plate,or the reverse procedure can be 
adopted. The same value of flux will result from each, and this 
could clearly be calculated using the superposition of fields from 
a single pole face.
In test 5, an additional mild steel plate is placed 5 mm. 
from the n»in pole face, causing a 56.5$ flux increase. The same is
done to the throe magneto of test 4 in test 6, but in this case the 
in c re a se  i s  only 45*^$. In th e l i g h t  of previous results, one would 
have expected these to be more similar. This would be so if all the 
image and adjacent poles were effective in the region of interest.
3
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However, the mo9t remote ones shown do not produce a significant 
field there, and it can be concluded that they would not be needed 
in a calculation of the flux.
These tests have given an indication of the poles that must 
be considered in any field calculation. It must be remembered, 
though, that the field in a machine is required across the active 
air-gap and over the complete pole pitch. In order to produce zero 
potential in the correct places, a balanced set of image and adjacent 
poles must be used. Any set of poles will only be evenly distributed 
about one- point, and so there will always be a source of error. It 
may, therefore, be necessary to consider more poles than these tests 
suggest.
!
In the calculations that follow, it will be found that it 
is sufficient to take the nearest adjacent magnet on either side.
This gives approximately zero potential on the magnetic neutral 
planes between magnets. The number of image poles can be chosen to 
give zero potential either on the backing plate surface or that of 
the return plate. The latter is clearly better, as it is closer 
to the main region of interest. A program entitled "Magpot" was 
written to calculate the potential distribution on the magnet face, 
using Equation 3.20. Its flow diagram is shown in Figure 3.10.
It is used to show the effect of using an increasing number of image 
poles.
The results of "i’agpot" are boundary conditions for the 
program "Fields",and so the grid over the magnet surface is identical
in each. This grid is also used for the numerical integration in the 
angular direction, which makes it possible to overcome the singularity, 
noted in Equation 3.19. The Gauss numerical integration method 
is employed (Reference 9)t which the potential is not evaluated
<?! L• Ti l i -
Figure 5.10: Flow diagram of the program "Vagpot
2.PROCEDURE: sinh-1 ( a)- 
ln(a + t/1 + a<0
1
[3.READ machine dimensions.
r
INITIALISE integer counts 
N,Q m 1 (Q determines 
adjacent pole polarity,
N determines image pole 
polarity.
5.S3T position on magnet 
face at centre-line at R.I
[ 6.SETT sum - 0. I
7a.SKT Q - 1. | — - ---( 7.IS Q - 3 ? )
YES
NO
8. Increase Q by TI|I9.SHI’ angular position for 
start of scan to magnet side.
1 -:a. :
YES
10.Increase singular position 
by - 1 of angular
Zfi increment.I11.SET axial distance from 
main wle face._________
1 r. - 1 ? 'y
NO
13. SET N - 1.
continued.
Figure 3.10 (continued)
due to points on the grid lines, but from fixed distances away from 
those lines. This eliminates the occurrence of © = 0 (Figure 3.7) 
in the calculations. If the angular grid lines occur at multiples of 
19, then the Gauss method evaluates from points that are (9
and 7 T ‘e beyond them. The error involved with this method is 
to the fifth power of 49.
The program developed from Figure 3-10 has three separate 
blocks to scan the magnet face, its side, and its top and bottom. 
Calculations are repeated within each block to account for adjacent 
and image poles. The former requires a change of integration limits, 
as already mentioned, and a change of polarity compared with the 
centre pole. Only even numbers of image poles will give zero potential 
on the return plate, neighbouring image poles also being of opposite 
polarity. In the program, the same block is used for all these poles, 
and the correct polarity is selected by multiplying the function 
by a suitable integer power of -1.
The tests already performed indicated that a system of the 
type shown in Figure 3.11(a) should be sufficiently accurate. For 
comparison, two alternative arrangements (Figure 3.11 (b) and (c)) 
were also evaluated. The latter comprises 18 pole faces, and the 
calculation for half of the magnet's surface took 244 mins, to 
perform. This is clearly becoming unacceptably time-consuming, 
and this system should only be used if the required accuracy demands it.
A summary of the calculated results is given in Table 3.1. 
These refer to the geometry of the radiator cooling fan motor, 
although a multiplying factor that includes Vg has not yet been 
applied . The first set of results are for the line A-A (Figure 3*12),
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(a) Along line A-A (Figure 5.12). 
position
Table 5.1s Summary of calculated potential on magnet surface,
(figures proportional to potential)
at magnet 
centre-lines
at 20 equi- 
spaced increments 
along magnet 
face
at magnet comers
at 10 equi- 
spaced increments 
along magnet 
side
at backing plates
6-pole system 
(Figure 3•Ut)
12-pole system 
(Figure 3.11a)
18-pole system 
(Figure 3«11c)
2.61833 2.45775 2.51218
2.61723 2.45706 2.51127 1
2.61390 2.45497 2.50853 1 • 1 f 1
2.60825 2.45139 2.50386
2.60013 2.44617 2.49712
2.58934 2.43907 2.48809
2.57557 2.42980 2.47646 ,,
2.55843 2.41796 2.46185 :£
2.53742 2.40300 2.44373 rs0
2.51187 2.38427 2.42143
2.48094 2.36087 2.39410
2.44373 2.33073 2.36090 vi
2.39838 2.29434 2.31983 Í ^2.34324 2.24880 2.26927 w 1 1
2.27578 2.19156 2.20671 § ill■ ' F I
2.19260 2.11918 2.12869 0r*
2.08888 2.02681 2.03041 , rz
1.95751 1.90728 1.90472 s
1.78685 1.74893 1.73996 5
1.55565 1.52846 1.51287
1.16654 1.15445 1.13205 LmmJ
1.00388 .98560 .95606
.85011 .82390 .78807
.71746 .68103 .63997
.60443 .55494 .50997
.50876 .44270 .39544 <■
.42799 .34111 .29350
.35978 .24698 .20132
.30207 .15727 .11625 ■ 1
.25309 .06907 .03585 1
.21140 -.02043 -.04218 . ¡Mu] Ij:l 1
t ‘l ...
continued
r •
Table 3.1 j Summary of calculated potential on magnet surface,
(figures proportional to potential)
(a) Along line A-A (Figure 5.12).
position 6-pole system 
(Figure 3.11b)
12-pole system 
(Figure 3.11a)
18-pole system 
(Figure 3.11c)
at magnet
centre-lines 2.61833 2.45775 2.51218
r 2.61723 2.45706 2.51127
2.61390 2.45497 2.50853
2.60825 2.45139 2.50386
2.60013 2.44617 2.49712
2.58934 2.43907 2.48809
2.57557 2.42980 2.47646
2.55843 2.41796 2.46185at 20 equi- 2.53742 2.40300 2.44373spaced increments 2.51187 2.38427 2.42143along magnet < 2.48094 2.36087 2.39410face 2.44373 2.33073 2.36090
2.39838 2.29434 2.31983
2.34324 2.24880 2.26927
2.27578 2.19156 2.20671
2.19260 2.11918 2.12869
2.08888 2.02681 2.03041
1.95751 1.90728 1.90472
1.78685 1.74893 1.73996
1.55365 1.52846 1.51287
at magnet corners 1.16654 1.15445 1.13203
• 1.00388 .98560 .95606
.85011 .82390 .78807
.71746 .68103 .63997at 10 equi- .60443 .55494 .50997spaced increments .50876 .44270 .39544along magnet ' .42799 .34111 .29350side .35978 .24698 .20132
.30207 .15727 .11625
.25309 .06907 .03585
at backing plates .21140 — 02043 -.04218
continued
58
Table 5.1: Sununary of calculated potential on magnet surface,
(figures proportional to potential)
(a) A long l i n e  A-A (Figure 3.12).
position 6-pole system 12-pole system 18-pole system
(Figure 3.11b) (Figure 3.11a) (Figure 3.11c)
at magnet 
centre-line: 2.61833 2.45775 2.51218
r 2.61723 2.45706 2.51127
2.61390 2.45497 2.50853
2.60825 2.45139 2.50386
2.60013 2.44617 2.49712
2.58934 2.43907 2.48809
2.57557 2.42980 2.47646
at 20 equi- 2.55843 2.41796 2.461852.53742 2.40300 2.44373spaced increments 
along magnet ^ 2.511872.48094
2.38427
2.36087
2.42143
2.59410
face 2.44373 2.33073 2.36090
2.39838 2.29434 2.31983
2.34324 2.24880 2.26927
2.27578 2.19156 2.20671
2.19260 2.11918 2.12869
2.08888 2.02681 2.03041
1.95751 1.90728 1.90472
1.78685 1.74893 1.73996
1.55365 1.52846 1.51287
at magnet comer: 1.16654 1.15445 1.13203
f 1.00388 .98560 .95606
.85011 .82390 .78807
at 10 equi- .71746 .68103
.63997
.60443 .55494 .50997spaced increments .50876 .44270 .39544along magnet i .42799 .34111 .29350side .35978 .24698 .20132
.30207 .15727 .11625
.25309 .06907 .03585
at backing plate: .21140 -.02043 -.04218
continued
Table 5.1 (continued)
(b) Along line B-B (Figure 5.1?).
position 6-pole system 
(Figure 3.11b)
12-pole system 
(Figure 3.11a)
18-pole system 
(Figure 3.11c)
at backing plate: .37657 -.14416 -.04454
.43737 .00199 .07151
.50584 .14373 .18930
.5827? .28344 .31023at 10 equi- .66865 .42300 ' .43564spaced increments; .76418 .56426 .56668
along magnet .86961 .70868 .70422
bottom .98487 .85725 .84870
1.10926 1.01024 .99993
to 1.24110 1.16688 1.15667
at magnet comers 1.36797 1.31561 1.30694
1.81310 1.75046 1.74731
2.048C8 1.97518 1.97757
2.20588 2.12284 2.13075
2.31846 2.22547 2.23885
2.40137 2.29873 2.31748
2.46366 2.35173 2.37573
2.51101 2.39024 2.41932
2.54709 2.41800 2.45179
2.5743? 2.43751 2.47614
2.59429 2.45042 2.49345at 25 equi- 2.60798 2.45776 2.50491spaced increments 2.61593 2.46013 2.51108along magnet * 2.61833 2.45775 2.51218face 2.61506 2.45052 2.50807
2.60565 2.43801 2.49833
2.58931 2.41943 2.48215
2.56480 2.39352 2.45827
2.53028 2.35846 2.42485
2.48310 2.31156 2.37923
2.41939 2.24892 2.31750
2.33339 2.16475 2.23383
2.21612 2.C5000 2.11934
2.05239 1.88944 1.95866
1.81122 1.65202 1.72081
at magnet corner: 1.36846 • 1.21327 1.28178
/■ 1.26650 1.05302 1.14721
1.15675 .8817? 1.00372
1.05385 ' .71347 .86543at 10 oqui- .95766 .54724 .73181spaced increments .86808 .38205 .60241
along magnet < .70502 .21686 .47674
top .70333 .05052 .35423
.63778 • -.11822 .23428
.5731? -.29072 .11621 .
at backing plate: .51402 -.46843 -.00070
¿0
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which is at a constant radius of 47 mm. The second set are for the 
magnet centre-line B-B, about which the potentials are symmetrical.
The addition of a further six pole faces to the system brings the 
potentials closer to their correct values, though each subsequent 
calculation is seen to overshoot the correct value. The direction of 
overshoot is consistent with the polarity of the dominant pole face 
that has been added, the air-gap length being much less than that 
of the magnet in this case. These results indicate that the system 
of Figure 3.11(a) will produce an error in the calculated potentials 
on the magnet face of about 27?.
It is now possible to see the error incurred by assuming 
a constant potential over the whole magnet surface. The results for 
Figure 3.11(a) are shown graphically in Figure 3*13* and there is 
a noticeable decrease in potential as the edges of the pole face are 
approached . The need to consider the three-dimensional system is 
also clearly shown.
There now exists a complete method for solving the field 
in the air-gap of a machine having homogeneous uniformly magnetised 
poles. It can be as easily applied to the double-sided magnet 
arrangement as to ihe single-sided one described here. For the former, 
a zero-potential plane would occur halfway, across the air-gap, and 
the closer proximity of this to the armature conductors would lead 
to slightly more accurate results.
In the radiator cooling fan motor, the flux return ring 
is incorporated in the armature. It was mentioned in Section 2.4 
that a slotted ring would be desirable, but as yet could not be 
manufactured for that size of machine.from the available materials.
6 /
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It is hoped, though, that future work might succeed in this, for 
larger diameter machines at least. This method of field calculation 
could then be adapted to the new system, to provide a reasonably 
accurate result within a complicated boundary shape. Zero potential 
would exist on the slotted ring, and the theory to cope with the 
additional changes in grid size has already been developed. A new 
problem would be to account for the shape of the image poles beyond 
the surface of the ring. . These have to describe the slotted structure, 
in the manner shown in Figure 3•14.
5.4. Direct calculation of magnetising force
The possibility of extension to more complicated geometries 
is a clear advantage of this model, as is its ability to survey the 
whole air-gap most quickly. The determination of the performance 
of a machine, however, only requires the field to be calculated in 
the path of the conductors. If the force on an element of armature 
conductor at a given radius is assumed to be concentrated at the 
centre of the element, then the number of paths to be considered 
is equal to the number of layers of conductors in the armature.
If the field at each layer could be determined directly, without an • 
iteration process, then the number of calculations involved would 
be comparable with that to find the boundary conditions in the 
previous method. It will be worthwhile considering further whether 
that is the only means of accurately solving the three-dimensional 
field problem.
In order to complete the boundary conditions on the magnet 
surface, Equation 3»^9 was developed. The possibility of calculating 
the potential at the grid points directly from this has already been
It is hoped, though, that future work might succeed in this, for 
larger diameter machines at least. This method of field calculation 
could then be adapted to the new system, to provide a reasonably 
accurate result within a complicated boundary shape. Zero potential 
would exist on the slotted ring, and the theory to cope with the 
additional changes in grid size has already been developed. A new 
problem would be to account for the shape of the image poles beyond 
the surface of the ring. . These have to describe the slotted structure, 
in the manner shown in Figure 3*14.
3.4. Direct calculation of magnetising force.
The possibility of extension to more complicated geometries 
is a clear advantage of this model, as is its ability to survey the 
whole air-gap most quickly. The determination of the performance 
of a machine, however, only requires the field to be calculated in 
the path of the conductors. If the force on an element of armature 
conductor at a given radius is assumed to be concentrated at the 
centre of the element, then the number of paths to be considered 
is equal to the number of layers of conductors in the armature.
If the field at each layer could be determined directly, without an • 
iteration process, then the number of calculations involved would 
be comparable with that to find the boundary conditions in the 
previous method. It will be worthwhile considering further whether 
that is the only means of accurately solving the three-dimensional 
field problem.
In order to complete the boundary conditions on the magnet 
surface, Equation 3*^9 wus developed. The possibility of calculating 
the potential at the grid points directly from this has already been
é>3

ruled out. However, the gradient of Equation J. 19 yields the 
magnetising force, & H, at the point Q due to an element of the 
pole face, fA. i H  is then given by
SH = Ks.a .8A (3.21)
4r|q/5
The performance characteristics of the machine can be found from the 
axial component of SH, given by Equation 3*22. If, however, the 
alternating axial forces on the disc are required, the component 
of. i H in the direction of conductor motion will be relevant, and 
this is given by Equation 3»23.
•
= M .cos i .SA s (3.22)
24irq*
*2e = M .sin if.ninf .¿A 8 * (3.23)
. 2 4 irq
Clearly, neither of Equations 3«22 or 3»23 are easier to 
solve than Equation 3.19, which illustrates how time consuming it 
would be to calculate the field in the whole air-gap directly.
It has already been shown that Laplace's equation in H (Equation 3*6) 
is valid within these permanent magnets, as it also is in air.
An iterative solution could therefore be found directly in H, 
the boundary conditions being determined by Equations 3»22 and 3«23« 
However, not only the magnet surface, but all the boundaries would 
require their application. There would, therefore, appear to be no 
clear advantage of this method over either the direct calculation 
or the iteration of potential.
The magnetising force producing useful torque on an element 
of conductor, due to a pole face, is given by the integration of 
Equation 3*22 over that pole face. As with the evaluation of
■ ■ ■ ■ ■ ■
• « T
ruled out. However, the gradient of Equation 3.19 yields the 
magnetising force, ¿H, at the point Q due to an element of the 
pole face, ffA. i H is then given by
*H = Ks.a .8A (3.21)
4r|q/5
The performance characteristics of the machine can be found from the 
axial component of AH, given by Equation 3-22. If, however, the 
alternating axial forces on the disc are required, the component 
of. J H  in the direction of conductor motion will be relevant, and 
this is given by Equation 3.23.
«8.
(2e
M .cos i .8A
^ 7 “
M .sin jr.sinf .AA 8__________
. 2 4 TTq
Clearly, neither of Equations 3*22 or 3»23 are easier to 
solve than Equation 3-19» which illustrates how time consuming it 
would be to calcula-.e the field in the whole air-gap directly.
It has already been shown that Laplace's equation in H (Equation 3-6) 
is valid within these permanent magnets, as it also is in air.
An iterative solution could therefore be found directly in H, 
the boundary conditions being determined by Equations 3-22 and 3-23- 
However, not only the magnet surface, but all the boundaries would 
require their application. There would, therefore, appear to be no 
clear advantage of this method over either the direct calculation 
or the iteration of potential.
The magnetising force producing useful torque on an element 
of conductor, due to a pole face, is given by the integration of 
Equation 3.22 over that pole face. As with the evaluation of
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potential, the effect of image and adjacent poles will have to be 
taken into account. The results of the magnet tests (Figure 3.9) 
and the subsequent calculations (Table 3.1) are still valid, since 
H decreases more rapidly with q than ♦ does. In fact, because of 
this, it may be possible to use the six pole face system of 
Figure 3.11 (b) for the determination of H at the armature conductors. 
The accuracy of such a change can be gauged best by measurements in 
a motor, and these will show that the simplified system can be 
adopted for the evaluation of Equations 3.22.and 3.23.
Comparison has already been made in Section 2.1 
between the pole shape of the Disc-Armature motor, and that of the 
printed circuit motor. Using Equation 3*22, the axial field 
distribution in the former could be compared with that produced by 
circular poles if desired.* Reference 8 is again used, and the 
field at a point Q due to a circular pole face (Figure 3.15) 1° 
given by Equation 3.24. Similarly, that due to a segment (Figure 3.7) 
is given by Equation 3.25.
®X “ M8X f  i______1_____ fR. s.cos 8 - x2 - s2________  + (x2 + s2)^ T] de
* K Jo[(x2 + s2sin2e)l(R2 + x2 + s2 - 2.R.s.cos 8)^ IJ
.... (3-24)
®X * V f f  r.s.cos 8 - x2 - S2____________  1 R2 d8
4 * J^lC*2 + s2sin28)(r2 + x2 + s2 - 2.r.s.cos 6)^4-R1
.... (3.25)
For both of these expressions, the integration in the angular 
direction has to be performed by numerical means, and the Gauss 
method is employed for the same reasons as before. A program
ThiB has been done (Reference 31)• and the results showed the 
segment shape to be preferable to the circular poles.
17
Figure 3,15i Position of a point, Q, 
related to a circular -pole face.
£7
Figure 3»^5; Position of* a pointt Q f 
related to a circular pole face.
6$
entitled "Normal Fluxplot" was written to evaluate Equation 3.25, 
and its flow diagram is shown in Figure 3.16. The program for 
Equation 3.24 is identical to this in all respects except the function 
that is used.
If 8X were to be calculated on the pole face, the same
precautions against the singularity would have to be taken as were
needed for potential. The problem is more serious here, though,
since {I is proportional to —r ■, whereas ip is proportional to — . 
x <1
The programming details of "Normal Fluxplot" are quite 
similar to those of "Kagpot". It is terminated with a procedure 
that plots out the field distribution at each radial increment, 
over the full active conductor length. For each radius, a scan is. 
performed over the face of the main pole, then over the opposite 
image pole. This is repeated for the adjacent poles on either side.
In all the Disc-Armature machines described, the radial distances 
are integral values in millimetres. The angular steps are identified 
by integers to allow them to be stored in an array, and subsequently 
plotted.
Figure 3.17 shows the field distribution calculated at a 
few radii for the radiator cooling fan motor. These examples indicate 
the importance of considering the three-dimensional system, because 
of the noticeable variation with radius. It will be more useful 
to study the field distribution along a conductor's length, and so 
the program was amended to "Normal Fluxplot 2". The only difference 
in this is that, for each angular position now, the scan is performed 
over the pole faces. Typical results that apnly to the fan motor 
are shown in Figure 3.18. The plot on the neutral line between 
two adjacent magnets should be entirely zero, due to symmetry in
¿ 1
Figure 3.16ì Flow diagram of the program "Normal Flurplot".
2. DECLARE 1-dimensional array 
for field H vs. angular 
position.__________________
G d. READ machine dimensions.
4. Determine angular increment.
5. SET position at 1st conductor 
layer & at least required 
radius.___________
6. CALCULATE axial distances 
from magnet faces._____
7. SET angular position to 
let centre-line._____marr.f
8. EVALUATE identifying integer 
for angular position._______
9. SET sum = 0.
.10,SET angular position for
start of scan to magnet side.
11.Iricrease angular position by 
1 of angular increment.
2 / f
1 -Vi?? angular distance from 
main pole lace.__________
13.EVALUATE integrand of Sqn.3.25 
& ADD to sum.
continued
I O
END
Figure 3.17s Angular field distribution at certain 
radii in the fan motor.
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the complete machine. The error shown is caused by the use of only 
three adjacent magnets in the calculation, its maximum value being
O
approximately 0.0C3 Wb/m .
3,4.1. Superposition, end the effect of neighbouring magnetic materials.
All of the programs so far described account for the 
presence of image and adjacent poles by the superposition of their 
effects at various axial and angular distances. The number of 
such poles required has been estimated by the tests of Figure 3«9-, 
though it is being assumed that a six pole face system will suffice 
for the evaluation of Equation 3-?5* This can be verified theoretically 
by calculating the field over a wide arc at various distances 
from a single pole face. This must be done for either or 2^, 
since the vector nature of H precludes a simple superposition of 
results. The former is the more significant, and it is evaluated 
for the radiator cooling fan motor at distances that will yield the 
axial field distribution entering the flux return ring. The fields 
of an isolated pole face at radii of 41 mm., 47 mm., and 53 mm. are 
given in Figure 3.19. By suitable additions of these results, the 
systems of Figure 3»11 can be built up (the direction of gx is of 
opposite polarity due to pole faces on either side of the flux 
return ring surface). A comparison is then made between the three 
systems for each radius in Figure 3*20.
The c lo s e s t  approxim ation  to  zero  a x ia l  f i e l d  on the 
m agnetic n e u tr a ls  w i l l  be obtained  from th e sim p lest system , s in ce  
the more remote polo faces contribute more to this region.
C o n sid e r, fo r  exam ple, the maximum field at a radius of 47 mm., 
w hich occurs on th e p lan e from the c e n tr e - lin e  o f  the main p o le .
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The effect of adding more poles to the system is summarised in 
Table 3.2. There is a noticeable discrepancy in the result from 
12 poles, whereas the use of 6 poles yields a field very similar 
to that from 18 poles. This supports the use of the simplest system 
for these calculations, and close agreement will be found with 
experimental results.
The main consideration in developing the theory of the 
magnetic circuit has been the eventual determination of machine 
performance. It will be clear that the angular field distribution 
could be developed from Equation 3*23 in an identical manner to that 
of the axial field. and can be combined to give a magnitude 
and direction to the field throughout the system, including the 
magnet's interior if required. Of particular relevance to machine 
design would be the magnet's operating point on open circuit.
It is quite likely that this would not be a unique point, but a 
short band on the B-H characteristic. Its position would indicate 
whether the magnets must be magnetised after assembly into the 
machine.
Two alternative methods of calculating the useful field 
in the air-gap have been developed. A complicated geometry, for 
example the existence of slots in the flux return ring to house the 
conductors, would require an iterative solution to Laplace's 
equation in potential, followed by the use of H «■ — grad ijj .
For the sim p ler  geometries that a llo w  an easy substitution of 
in?go poles, a direct c a lc u la t io n  o f  the f i e l d  i s  q u ic k e r , provided 
it is only required over a limited region. In order to derive 
machine performance, these methods must be related to the design of
• • iv-
7 7 .
the armature and the arrangement of the conductors within it.
Table ?,?: Calculated field normal to magnet face, on its centre­
line at 47m .  radius.
6-pole system (Figure 3.1l(b))j 
12-pole system (Figure 3»1l(a))i 
18-pole system (Figure
Field, Wb/m 
0.271 
0.265-" 
0.271
4. ARMATURE "TENDINGS.
4.1. E.M.F. and Torque of an armature conductor. jn the fan motor.
A direct method of calculating the magnetising force, 
and hence the flux density, has been developed for the Disc-Armature 
machine. It is only economical to use, though, if the number of 
calculations is restricted, for example, to the positions of the 
conductors. These positions must now be related to the magnet 
systems described in Chapter 3.
The shape of an individual armature coil has already been 
described (Figure 1.2). Its sides, which contain the active lengths 
of conductor, lie approximately in the radial direction in the machine. 
The coils are connected together as a double layer winding in the 
radiator cooling fan motor, and as two such windings in parallel 
in the electric vehicle traction motor. The former will be used as 
an example in this chapter, and a portion of the winding arrangement 
is shown in Figure 4.1.
Although the moulding of the armature winding in epoxy 
resin does not assure this, it will be assumed that each layer lies 
at a unique distance from the main pole face. It will further be 
assumed that the complete layer of epoxy resin separating the 
conductor layers, and those between each conductor layer and its 
respective armature surface, are of equal thickness. In practice, 
the armature thickness is only slightly greater than twice the 
overall conductor diameter in such a winding. The separating and 
covering layers of epoxy resin are therefore very thin, and even if 
the last assumption were invalid, this would be of little significance.
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Figure 4.2 shows the double layer winding positioned in
the air-gap of machines with a single and a double set of magnets.
In order to minimise the number of calculations, the finite conductor
diameter will be ignored for the purpose of determining conductor
e.m.f., and each layer will be assumed to lie in a single plane
passing through the centres of the active lengths. The distance of
the m ’ layer from the main pole face is given by Equation 4.1,
and this can be used for any number of layers, n.
x = m(t - n.d) + ( 2m - 1 )d + c (4.1)
n + 1 2
where t = thickness of the armature disc, 
d = overall conductor diameter,
c ■= clearance between armature and main pole face.
This distance, x, is identical to x in Equations 3.24 and 3.25.
Equation 3•25 gives the magnetising force, , giving
angular motion to any element of conductor along its active length.
The flux density associated with is {. ., which produces an inducedx x, j
e.m.f, in the element. The summation of these elemental e.m.f.s 
over the whole active length will give the conductor e.m.f. at a 
particular angular position. However, this summation must be performed 
in accordance with Equations 2.8. and 2.9, since the radius of the 
element, r., is inseparable from B, .. In order that the winding1 f J
design may be .studied, there will be no use made in this chapter of 
the total armature e.m.f., given by Equations 2.11 and 2.13»
The evaluation of Equation 3.25 requires a numerical 
integration in the angular direction, and produces discrete results 
along a conductor. The conductor is therefore divided into elements 
of length fir, and the function evaluated at the junction of these
20
20
Figure 4.2 shows the double layer winding positioned in 
the a ir - g a p  o f  machines with a single and a double set of magnets.
In o rd er to minimise the number of calculations, the finite conductor 
diam eter will be ignored for the purpose of determining conductor 
e.m.f., and e a c h  layer will be assumed to lie in a single plane 
p a ssin g  through the centres of the active lengths. The distance of 
the mt!l* layer from the main pole face is given by Equation 4.1, 
and t h is  can be used for any number of layers, n.
x = m(t - n.d) + (2m - 1 )d + c (4.1)
n + 1 2
where t  = th ic k n e s s  o f  th e arm ature d is c ,  
d » o v e r a l l  conductor d ia m e te r ,
c <= c le a r a n c e  between arm ature and main p o le  fa c e .
This d is ta n c e , x, i s  id e n t ic a l  to  x in  E qu ation s 3.24 and 3*25.
Equation 3*25 gives the magnetising force, H^, giving
a n g u la r  m otion to  any elem ent o f  con d u ctor a lo n g  i t s  a c t iv e  le n g th .
The flux density associated with is g. , which produces an inducedx 1 ,„
e .m .f .  in  th e  elem en t. The summation o f  th e se  elem ental e .m .f .s  
over th e whole a c t iv e  le n g th  w i l l  g iv e  th e  conductor e .m .f .  a t  a 
p a r t ic u la r  a n g u la r  p o s it io n . However, t h is  summation must be perform ed 
in  accord an ce w ith  E quations 2.8. and 2.9» s in c e  th e r a d iu s  o f  the 
elem en t, r^ , i s  in s e p a ra b le  from I n o rd er th a t  th e  winding
d esig n  may be .s tu d ie d , th e re  w i l l  be no u se  made in  t h is  ch ap ter  o f  
the t o t a l  arm ature e .m . f . ,  g iv e n  by E q u ation s 2.11 and 2.13«
The e v a lu a tio n  o f  Equation 3*25 r e q u ir e s  a num erical 
in t e g r a t io n  in  the a n g u la r  d ir e c t io n , and produces d is c r e t e  r e s u lts  
a lo n g  a c o n d u cto r. The conductor i s  th e r e fo r e  d iv id ed  in t o  elem ents 
o f  le n g th  f i r ,  and th e fu n ctio n  e v a lu a te d  a t  th e ju n c tio n  o f  these
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elements. This was the reason for defining alternatively by 
Equation 2.10, which must be used here instead of 3quation 2.8.
A direct measure of conductor e.m.f will be more helpful here than 
the moment of flux density. Since 1 - n.£r, Equations 2.9-and
2.10 can be combined to produce Equation 4.2.
R
'Ù w*6r 2 si.rri (4,2)
Consideration of the power in the conductor yields an expression for
lion j as
S> .r*.
the torque, T., at angular posit  
«J R
I .Src (4.3)
ri“H1
where I ■ current in the conductor, c
The summation of Equations 4.2.and 4.3 is performed in the 
manner of the Romberg numerical integration method (Reference 9).
Unlike the Causs method, this calculates the function at the boundaries 
of each interval, and thus uses fewer calculations for any given 
interval size. It is more straighforward for a simple summation of 
this kind, although the error is proportional to the cube of Sr.
Figure 4.3 shows how the Romberg method would be applied to a field 
distribution similar to those given in Figure 3.18. The function 
is calculated at the points shown, the values at R^  and R^ being 
given half weight. Equations 4.2.and 4.3 will therefore be evaluated
as Equations 4.4 and 4.5 respectively.
•j “ <*•»<>,4*S0 + B1,J*r1  ..... + M n.JTrn) (4*4)
Td - Ic.«r (J.B0f ,.r0 + B ^ . r ,  ..... + **Bn,yrn> (4.5)
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The program "Normal Fluxplot 2" already produces a radial 
field distribution, with a step size in this direction of one 
millimetre. The calculations this program performs are restricted 
by the inclusion of Equation 4.1, and in fact the results of Figures 
3.1? and 3.18 were at the conductor layer nearest to the main pole 
face in the fan motor. The field distribution plot is now replaced 
by the summation of Equations 4.4 and 4.5* wither equal to 1 mm..
As an example, Equation 4.4-is evaluated at the same conductor layer 
at the normal operating speed of the motor, and Figure 4.4 shows 
the variation of conductor e.m.f. over half a pole pitch.
4.2, Consideration of true conductor positions.
In practice, not all the conductors in the coils are 
exactly radial in the machine. The sides of each coil are bound 
together before the winding is assembled, the final arrangement 
being that of Figure 4.1. Certain conductors will therefore lie 
along lines that are displaced by small angles, S, from radial lines. 
It will therefore be necessary to investigate what effect this has 
on the e.m.f. generated in a conductor, since the results of 
"Normal Fluxplot 2" cannot be accurate for every conductor in the 
machine.
It will be assumed that the same spacing exists between 
all conductors at the radius . A machine is usually designed for 
the closest possible packing of conductors at this radixis, and so
any error in this assumption would be of little significance.
All the conductors in one side of a coil will be assumed to lie 
parallel to the centre-line of that side, which would be the central 
conductor for an odd number of turns per coil. The number of
The program "Normal Fluxplot 2" already produces a radial 
field distribution, with a step size in this direction of one 
millimetre. The calculations this program performs are restricted 
by the inclusion of Equation 4.1, and in fact the results of Figures 
3.17 and 3-18 were at the conductor layer nearest to the main pole 
face in the fan motor. The field distribution plot is now replaced 
by the summation of Equations 4.4 and 4.5i with Sr equal to 1 mm..
As an example, Equation 4.4-is evaluated at the same conductor layer 
at the normal operating speed of the motor, and Figure 4.4 shows 
the variation of conductor e.m.f. over half a pole pitch.
4.2, Consideration of true conductor positions.
In practice, not all the conductors in the coils are 
exactly radial in the machine. The sides 6f each coil are bound 
together before the winding is assembled, the final arrangement 
being that of Figure 4.1. Certain conductors will therefore lie 
along lines that are displaced by small angles, S, from radial lines. 
It will therefore be necessary to investigate what effect this has 
on the e.m.f. generated in a conductor, since the results of 
"Normal Fluxplot 2" cannot be accurate for every conductor in the 
machine.
It will be assumed that the same spacing exists between 
all conductors at the radius R.,. A machine is usually designed for 
the closest possible packing of conductors at this radius, and so
any error in this assumption would be of little significance.
All the conductors in one side of a coil will be assumed to lie 
parallel to the centre-line of that side, which would be the central 
conductor for an odd number of turns per coil. The number of
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Figure 4.4i Variation of conductor 
e.n.f.. e .^, in fan motor, at layer 
nearest to magnets.
WBM
conductors per layer, C^, is given by Equation 4.6, and this is used 
in Equation 4.7 to calculate the clearance between conductors in 
a coil side, S .
c .
•• 2.(turns/coil).(number of coils) (4.6)
number of layers
Sc -  (2 .JT .R .,)  -  (Cr d ) ( 4 .7 )
where d » overall conductor diameter.
It will be remembered that the calculations are being
performed along the conductors' centre-lines, where distances from
the coil centre-line will lead to values for £. If the number of
turns per coil is written as N. , these distances, S , will betc n
given by the series
Sn °  <d + Sc>-ffWtc-1
Provided that it is small,£ will have values calculated from 
Equations 4.8.and 4.9.
i - fn ’ (4.9)
R1
The calculations performed by "Normal Fluxplot 2" are for 
£ - 0. They are executed along a lino running through a point Q 
(Figure 3.7), parallel to the r-axis, from Rj to Rg. The variation 
described in Figure 4.4 is achieved by incremental changes in . 
However, the centre-lines of conductors displaced by angles £ do 
not pass through the origin in Figure 3.7* and a 8can over the main 
pole face will not be described by 6 varying from -fl to t-fi .
The new situation viewed in the — x direction is shovrn in Figure 4*3«
f f i ) - ’ ' ( ¥ ) ' 2 .....1
(4.

It is clear that the required scan will now be performed if ft is 
replaced by^'. Provided and & are small angles, can be
calculated from Equation 4.9 and Figure 4.5 as t
A program called "Skewflux" was written to take account 
of finite values of & in the calculation of conductor e.m.f.. Its 
flow diagram is essentially the same as that for "Normal Fluxplot 2", 
except' that it evaluates Equations 4.6 to 4.10, and uses the result 
in the angular scan of the pole faces. The calculated values for 
6 in the radiator cooling fan motor and the wheel motor are given 
in Table 4.1.
"Skewflux" was used with the former to compare the variation 
of conductor e.m.f. with the results of Figure 4.4. The results are 
given, together with those of Figure 4.4» in Figure 4.6, which shoves 
a complete pole pitch. For each 6 curve, there will clearly be another 
identical to it, but transposed about the magnet centre-line. This 
represents the equivalent conductor that is displaced in the 
opposite direction.
centre-line will have little effect on the induced e.m.f., and there 
is very little difference between the curves in this region. The 
e.m.f. in a conductor in line (at radius R^) with the magnet side 
show8 a much greater variation,,though, particularly if it is 
displaced away from the main pole. The calculated values, at this 
point are given in Table 4.2.
(4.10)
It is to be expected that displacement over the magnet
Consideration of the true positions of the armature
g°l
Table 4.11 Conductor's displacement angles. S. In fan and wheel motors.
Fan motors (5 turns/coil)
£ ( radians) - -.06450 
-.03223 
0
.03223
.06450
ffheel motor: (7 turns/coil)
£ (radians) - -.06738 
-.04490 
-.02244 
0
.02244
.04490
.06738
Values given for 
reference (these 
are comparable 
with those for 
the fan motor).
Table 4.2: e.m.f. in a conductor that is in line (at radius R )^ 
with a magnet side in the fan motor.
Displacement angle, 
S rad.
Conductor e.m.f.,
v T*
.06450 .04363
.03223 .03757
0 .03735
-.03223 .03099
-.06450 .02556
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conductors is clearly important at certain angular locations.
Their significance cannot be gauged, though, without a knowledge 
of the winding arrangement. This will show whether conductors 
with large displacements lie in the most sensitive regions, and 
therefore have a noticeable effect on the total induced e.m.f..
As the armature is rotated, the situation will change, and,the 
error caused by approximating the conductors' positions to radial 
lines will alter. A method of performing this rotation will be 
described, that can take account of the true positions, and can 
then be amended for the approximate solution. More important than 
an indication of this error will be the eventual summation of 
the individual e.m.f.s in the correct manner. This will give 
information about the variation of armature e.m.f. in the real 
system.
4.4. ■Vindlng arrangements.
The calculations and results so far have all related to the 
fan motor. A program that places all the conductors in their correct 
positions will have to suit all types of winding arrangement.
In fact, the fan motor has a wave winding, which is more awkward to 
deal with than the lap winding in the wheel motor. This is because 
the former does not have an integral number of coils per pole, 
and so there will be no symmetry of results over each pole pitch.
For the wave winding, therefore, there must be a calculation of 
the conductor e.m.f.s around the "hole armature.
For the armature in a given position, an e.m.f. will be 
calculated for each conductor in turn, and the results stored in
9 2
an array for subsequent addition in the correct manner. The conductor 
layer is already identified by the integer m in Equation 4.1. As 
occurred in the original program "Normal Fluxplot", the angular 
steps must also be identified by integers, the increments in this 
direction now being —  radians. An integer count can then be established,
n
starting at zero on the centre-line of the main pole, and progressing 
clockwise around the armature until (C^ - 1) is reached. Prom this
count can be derived a number to identify the relevant value of S 
to any conductor, and a sign to give the direction of this displacement.
The program "Series" was written to generate these numbers 
and signs, and it will appear as a block in the final program.
The flow diagram of "Series" is given in Figure 4.7* The coil 
side conductor number is derived from the angular integral count by 
successively subtracting N^c until the range 0 to N^c is reached.
This new number increases up to the coil side centre-line, beyond 
which it is decreased in a similar way. The change in the direction 
of displacement past .this line is registered by multiplication by 
a suitable power of -1. Examples of the numbers generated by 
"Series" are given in Table 4.3. for different values of Nt(j. For 
odd numbers of turns per coil, the highest number represents 6 » 0, 
and so the negative sign has no effect.
The e.m.f. induced in each conductor in its correct 
position can be calculated and identified using the programs "Skewflux" 
and "Series". These are combined into a new program, "Fluxcalc",
-.’hose flow diagram is given in Figure 4.8. The calculations so far 
have been based on three adjacent poles, and their images. A 
progression from one conductor to the next, clockwise around the

Table 4.5: numbers generated by 'Series' for conductor identification.
Tums/coil, N^ .c P2 = Ntc-1 P2 + .25 |F2 + . 75l
Generated 
integers.
2
7 3 3.25 3 0, 1, 2, -3, -2,
-1, -0f...
6 4. 2.75 3 0, 1, 2, -2, -1,
5 2 2.25 2 0, 1,-2, -1,
-0.....
4 1.75 2 0, 1,•■1 f “0 y • • •
3 1 1.25 1 0, -1, •011 r* •
9 5 .
- '• ■ & # &  i r-v.W?r
continued
? 5 \
y■ r. xj*
''
y
Figure 4.0 (continued)
armature, will gradually move away from this system. In "Fluxcalc", 
therefore, whenever P is increased past a magnetic neutral between 
adjacent magnets, it will be returned to an equivalent position in 
front of the main pole face. This requires the subtraction of a 
pole pitch, and a change in the direction of the e.m.f.. The 
results of this program are stored in a two-dimensional array, 
representing the conductor layer and its angular position, for 
addition by a subsequent program.
The calculation of conductor e.m.f. in any position 
involves two numerical integrations. One is along the conductor's 
length, the radial increment being fir. The other is that of Equation 
3.25, where 6 scans the pole arc and the Gauss method is used.
Because of the similarity between the angular and radial dimensions 
of a pole face, it is felt that the same number of increments could 
be employed in each direction. Upon this one number, then, will 
depend the accuracy of the complete calculation. However, the 
requirements of an accurate and a rapid calculation are not consistent. 
It is now possible, though, to investigate how the number of increments 
affects each of these, and to arrive at the most suitable value 
for it. The program "Fluxcalc" was therefore written with this 
facility included.
A maximum time of 10 mins, was allowed for the program 
to complete the 39C calculations for the fan motor. Table 4.4 
compares the number of increments with the number of calculations
actually completed. The accuracy can bo gauged from Figure 4.9» 
which shows the summations in. Equations 4.4 and 4.5 over a small 
angular distance, at the layer nearest to the main pole face.
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A comparison of Table 4.4 with Figure 4.9 indicates that 20 increments 
should be used in each direction, being a reasonable compromise 
between the two criteria. The difference between the values calculated 
with 20 and 60 increments is less than 0.2$.
The correct addition of the individual conductor e.m.f.B 
is dependent upon the type of winding and the number of conductor 
layers, and these will be specific to the program that performs the 
addition. The program to be described here is for a double-layer 
wave winding, as is used in the radiator cooling fan motor.
It will be assumed that the separation between adjacent 
commutator segments is negligible, so that the angular pitch of one 
segment, S^, is
S = ______2 7T_____  radians (4.11)
w (number of coils)
The angular pitch of a brush, B^, is calculated from the brush width 
assuming contact is made over the whole of its face with the drum­
shaped commutator.
It will be helpful if the program can deduce as much as
possible about the winding for itself. If is the number of
coils per pole, the nearest integer to this will usually give the
number of commutator segments spanned by each coil. Furthermore,
if the difference between C and its integral part is less than one
P
half, the winding is retrogressive, and if this is greater than one 
half, it will be progressive. The program that decides this, 
and performs the subsequent additions is called "Tlwave", and its
flow diagram is given in Figure 4.10. The input data to "Tlwave 
consists of some machine parameters, and the conductor e.m.i.s 
evaluated by "Fluxcalc".
A comparison of Table 4.4 with Figure 4.9 indicates that 20 increments 
should be used in each direction, being a reasonable compromise 
between the two criteria. The difference between the values calculated 
with 20 and 60 increments is less than 0. a*.
The correct addition of the individual conductor e.m.f.s 
is dependent upon the type of winding and the number of conductor 
layers, and these will be specific to the program that performs the 
addition. The program to be described here is for a double-layer, 
wave winding, as is used in the radiator cooling fan motor.
It will be assumed that the separation between adjacent 
commutator segments is negligible, so that the angular pitch of one 
segment, S^, is
S = ______2 tt_____  radians (4.11)
w (number of coils)
The angular pitch of a brush, B^, is calculated from the brush width 
assuming contact is made over the whole of its face with the drum­
shaped commutator.
It will bo helpful if the program can deduce as much as
possible about the winding for itself. If is the number of
coils per pole, the nearest integer to this will usually give the
number of commutator segments spanned by each coil. Furthermore,
if the difference between C and its integral part is less than one
P
half, the tjinding is retrogressive, and if this is greater than one 
half, it will be progressive. The program that decides this, 
and performs the subsequent additions is called "Tlwave", and its
flow diagram is given in Figure 4.10. The input data to "Tlwave" 
consists of some machine pai'ciineters, and the conductor e.m.i.s
evaluated by "Fluxcalc
103
Figure 4.1C: Flow diagram of the program "Tlwave".
(?. READ machine dimensions. ~")
3. CALCULATE pole pitch, e. , 
angular pitch of commutator 
segment SW. & of brush K ”.
4. CALCULATE nearest integer 
to coils/pole, CP
^ - <"5. IS CP > coils/pole"?)------—
6 a .(retrogressive winding) 6b.(progressive winding)
SET wind c 2 SET wind « 1
* 0 *
loij-
Figure 4.10 (continued)
?^ *0 4 . 15 progression positivelyYES NO
15a.ADD CP to commutator 
segment no.
15t>. SUBTRACT CP from
commutator segment no.
I
16.FIND conductor numbers. 
SET layer = 2.
ADD Esum values to sum.
Y^ p Q 7 . I 5  progression positive ?
progression positive ? ^
NO
20.FIND conductor numbers. 
SET layer « 1.'
ADD Esum values to sum.
NO < 21.IS positive edge ot commutator V  segment > -ve edge of - brush ? /
YES
NO < 22.IS -ve edge of commutatorsegment * +ve edge of - brush ? /
YES
[23.PRINT sum, j
NO < 24,HAVE both winding paths been \  completed ?_________ ___________ /
YES
13a.ADD CP to commutator 
segment no.
18b.SUBTHACT CP from 
commutator segment no.
--------- ■ | . ..... ._______________________,___ I
It was mentioned in Section 2.2.? that the brushes in *he 
fan motor are located between the magnets. It must be remembered 
here that this required the connections between the coils and the 
commutator to be displaced from their normal positions by half a 
pole pitch. A connection diagram of part of the winding is shoym 
in Figure 4.11. The centre-lines of a north pole and commutator 
segment number 1 are coincident.
A clockwise progression around the winding from the positive 
brush will involve addition of e.m.f.s due to north poles, and 
subtraction of those due to south poles. Since the input data takes 
account of these polarities, a net positive e.m.f. will result for 
this path. The same applies to an anti-clockwise progression for 
the other path. Figure 4.11 shows a progressive winding, although 
"Tlwave" can adjust the addition to suit a retrogressive winding 
in the following manner.
Firstly, it positions the positive brush half a pole pitch 
anti-clockwise of the centre-line through segment 1, and the negative 
brush the same distance clockwise of it. It then determines which 
commutator segment number is in contact with the entering and leaving 
edges of each brush. The action the program will take depends 
upon the identification it has made of the winding. If it is 
progressive, the clockwise path will be from the leaving edge 
of the positive brush to the entering edge of the negative brush.
For a retrogressive winding, the reverse happens, and it is the 
anti-clockwise path that terminates at these edges.
In determining the segment number in contact with any 
edge, allowance is made for the position of the centre-line.
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The angular position is divided by S^, and the integral part is 
taken as the segment number. However, Figure 4.11 shows that 1.5 
segments must be subtracted before the integer gives the correct
number.
The block in the program that adds the conductor e.m.f.s 
is run twice, for the clockwise and anti-clockwise progressions.
The procedure is to repeatedly add, or subtract, the coil pitch, 
then to find the new commutator segment number. If the negative 
brush edge has not been reached, the conductor numbers and layer 
associated with that coil side are found, and the e.m.f.s are 
read from the input data. The condition for the path being completed 
is that the entering edge of the segment is clockwise of the 
entering edge of the negative brush, and also that the segment's 
leaving edge is anti-clockwise of that brush's. The subtraction of 
1.5-segments is again required.
4.4. Angular position of the armature.
Rotation of the armature by a given amount is achieved by 
moving the magnets and the brushes anti-clockwise by the same 
amount in "Fluxcalc" and "Tlwave" respectively. A new set of 
results from the former is required for each angular increment. 
However, these will repeat themselves more often if the conductors 
are assumed to lie on radial lines, than if their true positions 
are used. For example, if an angular increment of iCj is employed 
in the fan motor, four sets of calculations will be required from 
the approximate system. As there are five turns per coil, twenty
sets are needed for the exact arrangement.
Figure 4.12 shows the results of "Fluxcalc" for each of 
the systems in this example. The summations of Equations 4.2 and 
4.5» which have to be multiplied by the appropriate factors to give 
e.m.f. and torque, f.re plotted against conductor number. The 
graphs compare these values for the conductors in one layer over a 
small angular range, the angular position of the armature increasing 
by -JCj in each successive graph. The points describing the exact 
conductor positions are joined, for clarity, to produce a continuous 
curve, as are those for the approximate conductor positions.
The results of Figure 4.12 indicate again that the greatest 
errors will occur if displaced conductors are assumed to run radially 
in the regions between adjacent magnets. The magnitudes of these 
errors will alter, however, as the armature is rotated. When the 
greatest displacements are in this region, the errors will be largest. 
When the conductors are added in "Tlwave", the errors could cancel 
at certain armature positions, but this is unlikely in a wave 
winding. This total error would also vary as the armature is 
rotated. Since the allowance for the exact conductor positions 
in the programs is not very time-consuming, the approximate arrangement 
will no longer be used.
4.4.1. Brush arrangements and Commutation.
The full set of exact values, some of which appeared in 
Figure 4.12, have been found for rotation of the fan motor's armature 
over S.Cj . Added in "Tlwave", these give the complete variations 
in each winding path, and are Bhown in Figure 4.15. This gives some 
interesting information about a wave winding, and about the
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Figure 4.1 ?s Conductor calculations for rotation of armature«
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/connections in the fan motor in particular. The angular pitch of 
a brush in this machine is slightly less than that of a commutator 
segment, so that commutation at one brush is the alternate short- 
circuiting of a number of coils, then no coils. These pitches are 
used to calculate at what angular positions coils are gained, and 
then lost, from each parallel path, and these positions are marked 
on Figure 4«13«
It will be noticed that the addition of coils gives rise 
to a significant rise in the e.m.f. in either path. However, 
their loss has very little effect. No account is taken of the 
inductance of the coils, which will be shown to be negligibly small. 
The effect of this would be to limit the rate of change of current 
calculated from these results. The relative positions of the 
armature conductors and the commutator segments, shown in Figure 4.11» 
are identical to those in the motor. There is, therefore, a slight 
error in these, since the centre of a coil side, and not the 
outermost conductor, should be in line with the centre of a segment. 
This error is half the angular pitch of a segment.
Considering the direction of rotation shown, it can be seen 
that the short-circuiting of coils at a brush occurs when those 
coils are approximately in the magnetic neutral positions. When 
they are subsequently reconnected into a path, they are well under 
the influence of the pole faces they are approaching. Although the 
connections in the fan motor were made in this way, excessive brush 
losses were not found to occur. These results show, however, 
the effect on the e.m.f. and torque developed in each armature 
path, due to a slight error in the alignment of the winding and
/ / £
the commutator. When there is no such error, the gain and loss 
of coils to a path will lead to an equal rise and fall of e.m.f.
and torque.
The winding described is a wave-type. For a progressive 
lap winding, however, there would be a certain amount of symmetry in 
such results as those of Figure 4.13. The gain of a coil to a 
clockwise path would coincide with the gain of one to an anti­
clockwise path, since these occur at the leaving edges of a positive 
and a negative brush respectively. There would be similar coincidences 
in the loss of coils, and for retrogressive lap windings.
The effect of the fan motor's peculiar coil connections 
is again noticed when the relative positions of the two brushes 
were altered. A simple amendment to the program "Tlwave" moves 
the negative brush, for example, any number of pole pitches in the 
clockwise direction , there being four possible positions in this 
machine. By producing a graph of the type of Figure 4.13 for each 
combination, it would be possible to select the most suitable 
arrangement. All that is attempted here is a direct comparison 
of each path for the four positions of the negative brush, when 
the armature is in the position indicated in Figure 4.11.
"Tlwave" was also made to print out the commutator segment 
numbers in each path, from which the number of coils was deduced.
These, together with the summations of Equations 4.2 and 4.3 are given 
in Table 4.5. One result, for the clockwise path and the brush moved 
two pole pitches, again shows that some coils are being more strongly 
influenced by a magnet of the wrong polarity. In the fan motor, 
coils are added to and subtracted from the winding paths four at a 
time. There is little significance, therefore, in the difference
1/7
Table 4.5: Kffect of brush positions on summation of 'Tlwave* 
for fan motor.
Distance of negative 
brush from positive 
brush.
Clockwise 
winding path.
Anti-clockwise 
winding path.
Summation. No. of 
coils 
in path.
Summation. No. of 
coils 
in path.
1 pole pitch: .0376 16 .0364 15
2 pole pitches: .0373 17 .0341 14
3 pole pitches: .0359 14 .0597 17
4 pole pitches: .0371 15 .0383 16
/ /-/$;
of three coils between the paths,that occurs for brush displacements 
of two and four pole pitches.
Graphs of the type of Figure 4.13 can also be produced for 
various brush widths, again by a simple alteration to "Tlwave".
Figure 4.14 shows the effect of increasing the brush width for the 
armature again located as in Figure 4.11. The brushes are in
t
adjacent gaps between magnets. Since there are 39 coils in this 
wave winding, the clockwise path loses eight coils before the anti­
clockwise path loses a similar number. The effect on the e.m.f. and 
torque will be quite considerable.
Examples have been given of how the position and width of 
the brushes can be studied. The number of brushes to be used could 
also be investigated, and this method can be applied to any winding 
and connection arrangement. Performing the calculations in two parts, 
the programs "Fluxealc" and "Tlwave", allows all these features of 
the machine's design to be studied quickly and most easily. A 
closer examination of the brush design will not be performed here, 
since there is no facility for checking these results in the fan motor 
itself.
4.5. Conductor currents and Armature reaction.
The main objective in developing the programs already 
described was to provide a method of evaluating various magnet 
arrangements, and this will be considered in later chapters. This
n«thod calculates the torque and induced e.m.f. in the winding paths, 
though, from Equations 4.2 and 4.3* The current in each path could 
then be found if the corresponding resistances were known. Taking 
the end-windings into account, an approximate length per conductor iss
Figure 4.14i Variation of fan motor
e.m.f. v'ith brush width.
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(R2 -  R.,) + £ . ( R 2 + R1) ,
P
where p is the number of poles. It has already been possible to 
deduce the number of coils in a path from "Tlwave", and so the 
number of conductors, Zp, could be similarly found. The resistance 
of each winding path would then be given byj
path resistance - 4.f.Zp. £ (R? - R1) + £.(R2 + R.,) + C.J (4.12)
»T. d 2 Pc
where p - resistivity of copper,
dc» diameter of the copper (<d)
C.|» additional length, to allow for connections between 
coils, and the actual shape of the coil corners. 
Just as Pigure'4.13 indicates the variation of e.m.f. and torque 
as the armature is rotated, a combination of Equation 4.12 and 
"Tlwave" could show the variation of current. This would be more 
relevant than e.m.f. to the calculation of the electrical power 
losses in the machine.
Throughout the calculation of magnetic fields, it has been 
assumed that armature reaction is negligible. It has also been 
suggested that the self-inductance of a coil, and the mutual inductance 
between coils is negligible. The latter will be true if the field 
experienced by a conductor due to its neighbours is negligibly 
small. Since adjacent conductors are closer together than to the 
nearest magnet face, this will be a sufficient condition for the 
former to be true also.
Consider a point P in the same layer as a conductor 
carrying current i (Figure 4.15)» It can easily be shown that the 
axial field at P due to i is given by «
' / 2 l
Figure 4.15? Poslticn of a point, P, 
on an adjacent conductor.
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h  " /o'1 .(cos e2 - cos (4.13)
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There is a similar result for the field due to conductors 
in adjacent layers. As an example, the field experienced by a point 
at a radius of 47 mm. on the centre conductor of a coil side in the 
fan motor is calculated. Figure 4.16 shows the axial field due 
to a conductor in the came layer and one in the adjacent layer, 
for the motor's normal operating current of 9.5 A.. Allowing for 
the correct displacements of conductors in the winding, the positions 
of the adjacent conductors at that radius are marked.
A net axial field at this point will be most significant 
due to one neighbouring coil side, when the other neighbour is 
short-circuited during commutation. This field can be estimated from 
Figure 4.16 as approximately 0.002 Wb/m . Compared with the field 
calculated from the permanent magnets at this radius (Figure 3.17) 1 
this value is very small. It will therefore continue to be assumed 
that self-inductance and mutual inductance of coils, and armature 
reaction can be neglected. If it was ever to be found that the 
demagnetising field due to armature reaction was not negligible, 
it could be calculated in this way, and its effect on the permanent 
magnets taken into account using the B-H characteristic of the 
material (Heference 10).
4.6. Armature Inductance and Commutation.
It was originally postulated that the negligible armature 
inductance raises the operating speed of the machine by virtue of 
the consequential reduction in the static and dynamic e.m.f.s in 
the commutated coil. It is the static e.m.f. that is due to the
self-inductance of the commutated coil and the mutual inductance 
from other coils, and which opposes changes of current in the 
commutated coil. The dynamic e.m.f. is normally due to armature 
reaction, and is reduced either by the use of interpoles or by 
off-setting the brushes from the magnetic neutral positions. It 
is these causes of the respective types of e.m.f. that commonly 
occur in conventional d.c. machines, but are not significant in the 
Disc-Armature type. This is the reason for supposing that the 
latter can operate at higher speeds than normal, but there will 
be an additional source of dynamic e.m.f. that may also need 
consideration.
A coil is commutated over a finite arc, centred on a 
magnetic neutral, during which time it is short-circuited through 
the brush. At the onset of commutation, the coil is still under the 
influence of the pole it is leaving. If, as a result of the low 
coil inductance, the induced e.m.f. can change very rapidly, a 
reverse current will be generated in the coil until the magnetic 
neutral is reached. Prom this point until the end of commutation, 
the reverse will happen, as summarised in Figure 4.17» The most 
harmful effect could be that a voltage is generated across the 
segments to which the commutated coil is connected.
This is clearly a situation where a small amount of 
coil inductance would reduce the rate of change of current in a 
coil, and aid the commutation. The amount required will depend upon 
the operating speed, the brush width, and the commutator design.
It will not be worthwhile calculating this effect in the wheel 
motor, for instance, since any errors in the pole arc or conductor 
positions will be important. It will be much better to observe 
the voltage developed acrose two adjacent commutator segments
/ 2 $
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Figure 4,17: Variation of coll 
current during commutation.
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on an oscilloscope. Connections can be made in the machine 
(Reference 11) and brought out through slip-rings to give a
continuous record.
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5.1; Operating points on the B-H characteristic.
In order to verify the theory already developed, it will 
firstly he necessary to ensure that the operating characteristic 
of the magnets is known. For instance, they may he operating on a 
minor B-II loop, if not fully magnetised, or on a recoil loop.
Figure 5.1: Examples of magnet 
operating characteristics.
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Examples of these are shown in.Figure 5»1« It will he assumed t 
throughout that recoil loops can he approximated hy straight lines, 
the slopes of which are the recoil permeability.
The theory of the magnetic circuit developed in Chapter 3 
assumed that the intrinsic magnetisation, M, was of constant magnitude 
end in the axial direction throughout the volume of the magnets.
This was beoause the materials used are homogeneous'uniformly
/ Z T .
m agnetised m edia. It was explained in Section 3.2 that, for some 
va lu es  of pole arc/pole pitch ratio, flux must pass from the magnet 
fa ce s  hack alongside the poles. However, the theory developed there 
was unable to predict this, and it continued to use the original 
assum ption. This therefore neglects the existence of pole sources 
on the magnet sides, being the only means of altering that theory 
and the field distribution. It will, however, be shown in this chapter 
th a t the difference between the calculated and the measured fields 
in  th e  air gap of the fan motor is not great.
A magnet will not, therefore, have a unique value of M 
throughout i t s  volume, though it will be reasonable to assume it 
i s  so for ceramic ferrite« at least. In general, a small range of 
M w i l l  actually exist, and this will correspond to a small range of 
B on the B-H characteristic.
In Section 2.1, the significance of operating on the straight 
portion of the B-H characteristic to the initial magnetisation 
procedure was briefly mentioned. With any permanent magnet machine, 
it i s  undesirable that operation should be on a recoil line within 
the major B-H loop, for this represents a loss of potentially available 
en ergy. Recoil operation will not occur provided that the lowest 
flux d en sity  the magnet yields after magnetisation is on a reasonably 
s tr a ig h t  portion of the B-H characteristic, and that the slope of 
t h is  portion is approximately equal to the recoil permeability of 
the material. If magnetisation takes place prior to assembly of the 
machine, the lowest point will be for open circuit operation of the 
magnets.
A straight portion on the B-H characteristic will exist 
for two situations. Firstly, if M is constant, then Equation 3.1
/Z8
holds, and the slope of the curve is yUQ. However, V could also 
he a linear function of H, given by
M - MQ + k.H (5.1)
where and k are constants.
The slope of the curve is now found from Equations 3.1 and .5.1 to be 
^Q(1 + k), which is also a constant.
The recoil permeability will be less than or equal to the 
slop e of the major curve in the region of interest. The manufacturer's 
l i t e r a t u r e  (Reference 12) gives the operating point that has to be 
reached before recoil operation will become significant. At flux 
densities on the major curve greater than at this point, therefore, 
the gradient of the major curve will be approximately equal to the 
r e c o i l  permeability, which is also given by the manufacturer. The 
constant (1 + k) is then identical to the relative recoil permeability. 
T his is best illustrated by considering the three materials whose 
B-II characteristics were given in Figure 2.1. The relevant details 
from Reference 12 are reproduced in Table 5*1»
For the radiator cooling fan motor, the field from an 
is o la te d  Feroba III pole face was calculated at a distance equal to the 
a i r  gap le n g th , and at some typical radii. These results were given 
in  Figure 3.19. The flux densities in line with the magnet sides 
a t  41 mm., 47 mm., and 53 mm. radius were found to be 0.071 Vfb/m ,
0.073 Wb/m2, and 0.068 V,'b/m2 respectively. Without calculating the 
f i e ld  emitting from the magnet, it will be clear from these results 
th a t a l l  of th e  magnet fa c e  is producing a field in  ex cess o f  the 
c r i t i c a l  v a lu e , 0 .05 Tib/“ » given in Table 5 . 1  . An accurate 
assessment of the range of B on open circuit could be gained by
Table 5«1! Frooertles of permanent magnet materials 
(from Reference 1?).
Relative
recoil
permeability.
Condition 
recoil wc
Bo,17b/m2.
s for 
rking.
H ,kA/m.
Columax: 1.8 1.14 52
Hycomax IV 2.0 0.34 120
Feroba III 1.05 0.05 220
evaluating H and He over the pole face. As before, this would require 
the exclusion of the singularity at the point of evaluation. The 
vector sxiui of and would then yield the required field.
However, the existing calculations for the fan motor 
indicate that recoil operation does not occur. Also from the table, 
the value of the constant k is found to be 0.05. This is sufficiently 
small in Equation 5.1 for the assumption that M is constant to 
be quite accurate. It is therefore expected that the field calculations 
for the fan motor will be realistic.
The alloy, Columax, has a critical value for recoil
operation at a much lower value of magnetising force. The flux
2density is only 0.03 Wb/m below the manufacturer's optimum value 
for static working, and so it will be inevitable that recoil will 
result from Columax being magnetised before assembly of the machine. 
Assuming that the recoil permeability is constant for the whole of 
that quadrant of the B-H characteristic, k will be 0.8. However, 
the value of will have to be deduced from the recoil line now, 
instead of from the major loop. This makes it difficult to accurately 
determine the open circuit point, because V is needed in these 
calculations, and yet it varies with H through k and sometimes Mq 
also. The field calculations will be muoh more accurate if magnetisation 
occurs after assembly, though this will be limited again by the 
large value of k.
It was stated in Section 2.1 that Hycomax IV would not
operate in recoil if magnetised prior to assembly. Table 5.1 shows 
the critical point to be well down the major curve, its remanence 
being 0.78 ’,Vb/m?. Furthermore, the manufacturer's optimum static
/S/
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working point occurs at 0.45 Wb/m , 0.11 Wb/m above the critical 
p o in t. There is a reasonable margin for increasing the air gap 
a f t e r  magnetisation, though it will be difficult to calculate 
the open circuit point accurately. This is because the value of 
k = 1.0 is again quite high. If, however, M at remanence was used 
initially, a succession of field calculations and re-valuations of 
V could lead to greater accuracy. This is not felt to be worthwhile 
here, since there exists the fan motor using Feroba III to investigate 
the theoretical principles of the Disc-Armature machine already 
d iscu ssed .
5.?. F ie ld  in the air gan of the fan motor.
The c o n v e n tio n a l method o f  red u cin g eddy-curren t and h y s te r e s is  
lo s s e s  in  a r o t a t in g  r in g ,  such as th a t  in  the fan  m otor, i s  t o  u se  
a lam inated c o n s tr u c tio n . A re tu rn  r in g  was th e re fo re  made w ith  th e 
lam in ations running c ir c u m fe r e n t ia l ly .  T h is  r in g  was d i f f i c u l t  to  
handle, as i t  was o n ly  Jmm. t h ic k ,  and so some iro n  powder com pacts 
(R eferen ce 1 3 ) were in v e s t ig a te d  a s  an a lt e r n a t iv e  m a te r ia l. Carbonyl 
and e l e c t r o l y t i c  ir o n  powders were s tu d ie d , and th e l a t t e r  was found 
to  have the b e t t e r  m echanical s tr e n g th . These re tu rn  r in g s  a re  
d escrib ed  in  Appendix I I I .
The low v a lu e s  o f  f i e l d  in  th e fa n  motor allow ed  th e 
assem bly o f  th e m agnetised  magnets onto th e backing p la te  w ith o u t any 
g r e a t d i f f i c u l t y .  In  v iew  o f  the d is c u s s io n  in  th e p rev io u s s e c t io n , 
i t  was decided i n i t i a l l y  to  check th a t  sa tu ra tio n  could  be a ch ie v ed  
when m agn etisin g th e in d iv id u a l Feroba I I I  magnets. The m anufacturers 
produced a B-H c h a r a c t e r i s t ic  f o r  th e  m a teria l su p p lie d , and th a t  i s  
shown in  F igu re 5 .2  (C .G .S . u n its  a r e  u se d ). The remanence and c o e r c iv i t y  
are  3 6 3 0  G and 3180 Oe r e s p e c t iv e ly ,  which are q u ite  c lo s e  to  th e  ty p ic a l 
v a lu e s  o f  3700 G and 3000 Oe g iv en  i n  R eference 12 .
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Figura i5'.2i B-H and K-H characteristics of Peroba III mahnet.
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frisure . 5'. 2i B-H and K-H characteristics of Perora III magnet.
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A small ‘mild steel jig was used for the magnetisation of 
the individual magnets, hut the coil was not calibrated with the 
magnétiser. Reference 14 gives the minimum magnetising force to 
saturate Feroba III as 8.7 x 10^ A.T/m, but observations of the 
remanence resulting from various magnétiser voltages had to be used 
to verify that saturation had been achieved. After one pulse of a 
set voltage, a search coil around the centre of the magnet measured 
the remanence, and the values recorded are given in Table 5.2.
All of these are quite close to the manufacturers' measured value of
2
O .363 VTb/m , and so it can be concluded that, even with the lowest 
set voltage on the magnétiser of 200 V, these magnets are fully 
magnetised.
Equation 5*1 gave "an expression for the intrinsic magnetisation 
F, and it was shown that, for Feroba III, this was approximately 
independent of H for the range encountered by these magnets. M will 
therefore be equal to the constant term, Mq , which will be given by 
times the remanence, O .363 Wb/m . This is the value of M that has 
been used in all the calculations of the fan motor's field.
5.3. Field entering fan motor flux return rings.
Having obtained an experimental value for Mg,it will be 
possible to calculate and measure the field entering the flux return 
ring of the fan motor. This will show how realistic Equation 3.25 
is, And whether the image and adjacent poles have the desired effect 
upon the calculated field. In particular, the way in which the image 
poles were used assumed that the permeability of the flux return 
ring material was much greater than that of air. In fact, it was 
assumed to be infinite, so that the field entered the ring normally 
at all point8. With certain materials, notably the iron powder
/ 3*
Table 5 .2 :  Remanence a ch ie ved  a f t e r  1 m agn etisin g n u ise  to  
fan motor magnet.
1'a g n e t is e r  
s e t  v o lt a g e ,
V.
Remanence , 
UTb/m2
200 0.363
3C0 0 .3 6 0
4 C0 0 .3 6 0
500 O.3 6 9
600 O.3 6 8
700 O. 3 6 5
m ixtures describe« in Appendix 3', this may not be wholly true, and 
the experim ental results will reveal any Buch discrepancies.
Before the motor was constructed as shown in Figure 2.4,
some i n i t i a l  tests were performed, the main objective of which was
to  compare the two types of iron powder ring, and to select the
more suitable one. The permanent magnet poles were made from bars
of Feroba III, that were the correct thickness, but which had to
be cut to approximate the correct pole shape. This was achieved by
jo in in g  two pieces along the centre-lines of the poles (Figure 5.3  0*
A spare arm ature was slightly modified so that a Hall effect element
could be positioned at various radii in the air gap, against the
f lu x  re tu rn  r in g  face, and facing the magnets across the gap. The
va rio u s return rings could be located in their correct positions
w ith respect to the magnets. The dimensions of the Hall element
/
were approxim ately  2 .0  mm. square by 0 .3 2  mm. thick, so that it gave 
a reasonab ly accurate measure of the flux density entering the ring 
at any p o in t. The radial position of the element was set by locating 
i t  in  one o f  several slots, each extending to a particular radial 
d is ta n c e . The angular position was recorded by attaching a dial to 
the s ta to r  and a pointer to the armature.
The field distributions in the various rings at a radius 
of 41 mm. are shown in Figure 5*4/« The use of these approximate 
pole shapes in the motor itself would clearly be unwise. The slight 
v a r ia t io n s  in th e p o le s ' arcs leads to different peak flux densities.
! ore serious in the n o tic e a b le  e f f e c t  on the d is tr ib u t io n  of the 
jo in  a lo n g th e poles' centre-lines. This is caused by a slightly 
ragged edge that always occurs when these brittle ceramic ferrites
Figure 5«V i Aproxímate shape of 
maneta for fan motor.
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are cut. However, this does not prevent a comparison being made 
between these materials, and since armature reaction is negligible 
in a Disc-Armature machine, these distributions would be realistic 
at any speed if this stator were used in a motor.
the operating flux density has been shown to be less than the saturation 
value in each material (see Appendix 5?). The laminated ring, made 
from nickel iron strip, carries more flux than a solid mild steel one. 
The former has the greater permeability, and this difference indicates 
that, whereas mild steel has been used as an example so far having 
approximately infinite permeability, it would be more appropriate 
to use nickel iron in this context. The laminated ring should 
therefore be used to test the calculations using image poleB.
motor, and it can be seen that both carry less flux than either 
the mild steel or the laminated rings. It is therefore expected that 
the calculated field distribution for the fan motor will be greater 
than that actually occurring. The relationships between the 
distributions given in Figure 5 .4  are maintained at other radii, 
and the carbonyl iron powder ring carries less flux than the electro­
lytic one. This makes the latter preferable to use in the motor.
Of course, the eddy-current and hysteresis losses in eaoh type will 
be an additional eriterion for this choice, though it will be shown
that there is little difference between the two types in this respect.— ■
Thus, from these tests, the electrolytic iron powder ring was preferred 
to the carbonyl type, and it should also be remembered that the former
All of the rings tested were of the same thickness, since
One of the iron powder rings will actually be used in the
»»a found to have the greater mechanical strength.
7 -
■
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increments of 3 mm., from R g (59 mm.) to a radius of 41 mm.. It was 
not possible to penetrate any nearer to R^, due to the length of the 
Hall effect probe. As an example, the flux distribution around the 
machine at 47 aa. radius is given in Figure 5.5 • It will be noticed 
that the peaks are of slightly different magnitudes, and it must 
again be concluded that the ragged edges are reduoing the effective 
pole face areas, and henoe also the field. This problem"lid not 
occur with the wheel motor since Hycomax III is not brittle, and the 
magnets were out {torn toroids of the correct diameter. There would 
be no such problem either with mass production of Feroba III', oinoe
These initial tests gave a good appreciation of the relative 
merits of the different materials. It would not be possible, though, 
to determine the effect on the motor's performance, since the test 
rig'8 magnets were not as designed. When the motor was completed, 
with correctly shaped magnets, the modified armature was attached to 
its stator so that more realistic measurements could be taken.
5.3.1. Field with no flux return ring.
The first measurements were intended to indicate the accuracy 
with which Equation 3»25 calculates the field. The same axial position 
was used as in the other tests, that being the plane of the return 
ring face. However, it was decided to investigate the effect of 
adjacent poles alone firstly, so that any errors in the image poles' 
effect due to the return ring material' would be separated. Thus, 
no return ring was used in this experiment, and the field was calculated 
using the programs "Normal Fluxplot" and "Normal Fluxplot 2", with 
no image poles present.
It was possible to measure the flux density at radial
V
the desired shapes could be made individually, or a complete toroid 
could be magnetised in regions.
The poles whose face areas are reduced least are those 
centred at 31° and 76°. For comparison with the calculated field 
distributions, the latter will be considered from its centre-line 
to the magnetic neutral at 98.5°. Examples of the calculated and 
experimental distributions in the angular direction are given in 
Figures 5.6 to 5.9 • On the magnet centre-line, it is found that 
the greatest reduction in practice from the predicted field is 
approximately 7 . 5 Of course, some of this difference may be due 
to the evaluated distributions being too great. However, there are 
indications in the experimental results that the ragged pole edges 
are having a definite effect. In Figures 5.6 , 5.7 and 5.9 , 
the difference becomes greater between about 16° and 18°, that is, 
in the region of the pole edge. Hie way in which this changes the 
distribution is very similar to that when the pole arc/pole pitch 
ratio is reduced .
The tops and bottoms of the magnets were ground to the 
required curvature, and performed carefully, this produced better 
defined edges than the straight cuts for the magnets' sides. It 
was noticed that at distances away from the sides, the measured flux 
density at was very close to its predicted value. An example 
is given in Figure 5.10, for the radial distribution along the magnet's 
centre-line. Towards the centre of the magnet, the effect of the 
poor edges again predominates. Figure 5.9- shows that, at Rgi this 
close agreement is maintained until about 3° from the magnet's edge.
✓4*2
Fitrure 5.6 : Fan motor flux distribution at radius,
at entry point to return riryç but with no riry? present.
Fifrure 5»7 s Pan motor flux distribution at 47nm. radius,
at entry point to return ring tiut with no rinf: present.

m * -
Finire 5.9 : Pan motor flux riistritution  at 59mm. rad iu s,
at entry point to return rii:»; but with no rinft p resen t.
Figure 5« 10; Fan motor flux distribution along magnet's 
centre-line, at entry point to return ring but with no 
ring present.
W O IU 3 . m
wIt is therefore felt that there is no reason to suppose that there 
is any significant error in the calculation of field, hut that any 
reductions in the expected values are caused by the ragged magnet
edges.
5.3.?. Field with laminated and mild steel flux return rings.
It has already been shown that the laminated ring has a 
higher permeability than mild steel, and should therefore be used as 
an approximation to the assumption of infinite permeability from 
which the image poles were derived. However, it was mentioned in 
Section 5.1 that there was considerable difficulty in handling a 
laminated ring of these dimensions, and it was not possible to 
maintain flat surfaces on the ring up to the time it was assembled 
in the modified armature.
The flux distribution was plotted in the radial direction 
at various angular positions in front of the same pole face that was 
used in the previous section. These curves are shown in Figure 5*11» 
and there appears to be a discontinuity at about 48.5 mm. radius, 
which was also found to occur in front of all the other poles.
This was due to the uneven surface of the flux return ring , which 
was closer to the magnets at radii greater than about 48.5 mm. than 
it was at radii less than this. There was, therefore, an abrupt 
change in the air gap length as each of these curves was plotted.
It was not possible to press the ring to obtain a flat surface, 
because the nickel iron strip was only 1 thou thick, and it was wound 
quite tightly, '.'either was it possible to slacken the laminations 
to facilitate this, as the annealing had already been performed and

/f
an outer steel band shrunk on. Although a laminated ring can be wound 
so that its surfaces are flat, there was no way of ensuring that 
they remained so during annealing and subsequent handling ( It should 
be noted that this might also make any test results non-repeatable ). 
The results of Figure 5.11 must therefore be treated as an illustration 
of the effect of a slight change in the air gap length on the flux 
distribution.
In this case, there is a step decrease in the air gap length, 
which leads to a sudden increase in flux density. At some distance 
from the discontinuity, the flux density approaches its predicted 
value, and Figure 5.-12 shows that this occurs at R^. It will be 
remembered that this was the situation that occurred with no flux 
return ring present, as described by Figure 5.10 . ^he calculated 
and neo.sured flux distributions at R_ for the laminated ring are 
given in Figure '5.1$, which again shows that this close agreement 
is true except near the magnet's edge. As described in the previous 
section, this discrepancy is due to these edges having a ragged 
finish, which reduces the flux density at certain places from that 
calculated. It must therefore be concluded from the measured points 
on Figure 5.12, that the profile of this laminated ring contains 
other complications than the abrupt change already mentioned. These 
need only be quite small variations from a perfectly flat surface, 
end are not apparent in the photograph of the ring, Figure AIII.1.
It should also bo remembered that, whereas the ring is constrained 
"t { by a mild steel banc’, the laminations were wound onto a stainless 
band whose inner radius was . This was necessary for the annealing 
process, but clearly this return ring is sacrificing some of the
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Figure 5» 1? 1 Fan motor flux distribution along magnet's
centre-lina, entering: return ring.
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active length in this region.
Although it has been said that the laminated ring would 
be the most appropriate for confirming the calculations using image 
poles, these difficulties will prevent this, and the solid mild steel 
ring -vill have to he used instead. On Figure 5.12 is also marked the 
flux distribution entering the mild steel ring opposite to the 
centre-line of a pole. The shape of this curve is much closer to 
that calculated, though it gives slightly lower values towards the 
middle of the active region, and slightly higher values towards 3^ 
and presumably 3. also. This graph Bhould be compared with that for 
no flux return ring present (vigure 5*10), so that the accuracy of 
using image poles for the return ring can be studied.
To agree with the theory and the discussion in the previous 
section, this flux distribution for mild steel should coincide with 
the calculated curve at and , and show a maximum reduction from 
it of about 7.5?'. In fact, the measured values at all radii are 
greater than these. It would therefore seem that the direct super­
position of a set of image poles, as described in Section 3*4.1, 
does not exactly account for the presence of a flux return ring.
"liis discrepancy can best be explained by considering the magnet 
system before and after the image poles are added.
The importance of the recoil permeability as a guide to the 
accuracy of the calculations was described in Section 5.1 . For 
Feroba III, this gave a value for k in Equation .5*1 of 0.05, which 
•■•an assumed to he negligible. The measured ?-H characteristic of 
this material was given in Figure 5.2 , onto which the l'-H curve is 
also plotted. From this can be judged the accuracy of assuming that 
I! is equal to the constant
In the case of the results of Figure 5.10, the error due
to this cause will be compounded with that caused by the ragged magnet
edges. The calculated field is directly proportional to M for this8
type of material (Equation 3.?5), and the deviation of this from KQ 
becomes greater as the demagnetisation is increased. It is not 
possible to re-draw the calculated flux distributions, since they do 
not relate to the field emitting from the pole face. However, by taking 
the maximum calculated value on the magnet centre-line as being 
typical of this, an estimate of the error in can be made. Thus, 
the calculated distribution of Figure 5-10 is approximately 3« 3$ 
too great, and that of Figure 5.12 is about 1.1$ too great. It should 
be stressed that these are only estimates, that will become less 
certain towards the edges of the pole face. However, they show, as 
does the ?<'-H characteristic, that the error is greatest with no return 
ring present.
The measured flux distribution in the radial direction 
is therefore slightly "flatter" than the calculated one. However,
Figure 5.12 shows that the total flux measured through a narrow strip 
in front of the magnet's centre-line will be quite similar to that 
calculated. This is true also at angular positions away from the 
centre-line, and an example is shown in Figure 5.14. The dip in the 
curve, that was noticed with no ring present, due to the ragged magnet 
edges, extends over a greater arc with a flux return ring in place.
Tiie distribution for a position 6° away from the edge, towards the 
magnet, exhibits this effect (Figure 5-15)- ,?he results plotted in the 
angular direction show this better, and Figure 5.16 can be comparée 
with Figure 5.7 ..
It can therefore be concluded that, once again, the poorly
Figure 5-Mi Fan notor flux rtlstri'hutlon 6° from
magnet’s centre-line, entering return ring.
/£i>
Figure 5.16 i Fan motor flux distribution at 47mm.
radius entering return ring.
y s ?
defined pole edges are leading to a discrepancy between the measured 
and calculated flux distributions. At angular positions where this 
effect is minimal, the system of image and adjacent produces quite 
a good model of the radial distribution, and this was based on the 
assumption that the mild steel ring had infinite permeability.
The measured curves in this direction are slightly "flatter" than those 
calculated, though this would not greatly affect the calculation of 
induced e.m.f. in a radial-lying conductor.
^ield with iron powder flux return ring.
For the operation of the radiator cooling fan motor, the 
performance of the iron powder flux return ring is important. The 
electrolytic iron powder has already been preferred to the carbonyl 
type, and so this section will only refer to the former.
The flux distribution entering the electrolytic ring was 
compared with that for the laminated and mild steel rings on the 
approximate test rig, and those results were given in Figure 5.4-.
They refer to a particular radius, and it has since been shown that 
the distribution for the laminated ring may be non-repeatable, and 
will therefore not be used for comparison. The results for the mild 
steel agree quite well with the theory, however, although this is 
limited by the accuracy of manufacturing the required magnet shape.
A comparison should therefore be made between the field entering the 
iron powder ring and that into the mild steel ring, to give an indication 
of the reduction of flux caused, by using the powder material. The 
former can also be compared with the calculated field, to determine 
the accuracy of the theory for this case.
In Figure 5.41, the flux density entering the electrolytic
iron powder ring was found to be approximately 1 . %  less than that 
into the mild steel ring. These distributions were repeated using 
the stator from the motor, at the same radius, and the difference 
was somewhat smaller (Figure 5.17). A similar result was found 
nearer to the centre of the active region, at a radius of 47 mm. in 
the machine (Figure 5.18). The variation of the heights of the 
peaks in Figure 5.18 corresponds to that in Figure 5.5 ;, and has the 
same cause. As before, a better appreciation of the shapes of the 
distributions can be gained by considering the region from the pole 
centre-line at 76° to the magnetic neutral at 98.5°.
The results for this ring are also shown, therefore, in 
Figure 5.16. Compared with the mild steel ring, the distribution in 
the angular direction is slightly "flatter" in shape, though there 
is quite close agreement between these two. The distributions in the 
radial direction also show good agreement, and the iron powder ring's 
results are shown in Figures 5*12, 5«14t and 5*15. These three 
figures show that a discrepancy with the mild steel's curves occurs 
near the radius » and so may also happen near R^. . When examined 
closely, it was found' that the iron powder ring had been damaged in 
the same way as the magnets. Hie edges at and R^ were not straight, 
but the corners with its two faces had become rounded during its 
manufacture. This probably occurred when the ring was extracted from 
the die, after the compaction process. The graphs show that the 
drop in flux density towards R? is quite abrupt, which indicates 
that the extent of this damage is not very great.
It can therefore be concluded thatlhe iron powder ring 
tested compares very well with a mild steel ring of the same dimensions, 
in terms of the flux entering this component in the radiator cooling


fan motor. There is no reason to suppose that the theory derived 
to calculate the magnetic field is not applicable to each type with 
reasonable accuracy, although the errors in the manufacture of 
the magnets and the iron powder ring have led to some discrepancies 
with this machine. It remains to be demonstrated that the iron powder 
ring has muc^ lower losses, due to its rotation in this field, 
than even the laminated ring has.
5.4. Power losses in the flux return rings.
It is possible to analyse the power losses in a d.c. machine, 
such as the fan motor, by performing various tests after it has been 
constructed. However, it was desired to gain some appreciation of 
the relative magnitudes of the losses in the various flux return 
rings, in order to select the most suitable for incorporation into 
the machine. An approximate stator was described in Section 5*3, 
and it was also used for this purpose.
The arrangement of the test rig is shown in Figure 5.19 *
A phosphor bronze bearing, which was used in the first prototype 
fan motor, is included, attached to which is a tufnol 
carrier, which holds the ring in position with the correct air gap 
length. The method employed for determining the variation of these 
losses with speed was to drive the rig with another motor, and to 
deduce the required power from the input power to that machine.
C le a r ly ,  the d r iv e  motor i t s e l f  would have lo s s e s ,  and i t  was im portant 
th a t  th e se  (w ith  th e  e x cep tio n  o f  i t s  I^R lo s s e s )  d id  not depend 
upon th e  load a p p lie d . T his c o n d itio n  i s  met by a  machine th a t has 
no iro n  in  the r o t o r ,  such a s  th e D isc-Arm ature e l e c t r i c  v e h ic le
fan motor. There is no reason to suppose that the theory derived 
to calculate the magnetic field is not applicable to each type with 
reasonable accuracy, although the errors in the manufacture of 
the magnets and the iron powder ring have led to some discrepancies 
with this machine. It remains to be demonstrated that the iron powder 
ring has much lower losses, due to its rotation in this field, 
than even the laminated ring has.
5.4. Power losses in the flux return rings.
It is possible to analyse the power losses in a d.c. machine, 
such as the fan motor, by performing various tests after it has been 
constructed. However, it was desired to gain some appreciation of 
the relative magnitudes of the losses in the various flux return 
rings, in order to select the most suitable for incorporation into 
the machine. An approximate stator was described in Section 5-3» 
and it was also used for this purpose.
The arrangement of the test rig is shown in Figure 5.19 *
A phosphor bronze bearing, which was used in the first prototype 
fan motor, is included, attached to which is a tufnol 
carrier, which holds the ring in position with the correct air gap 
length. The method employed for determining the variation of these 
losses with speed was to drive the rig with another motor, and to 
deduce the required power from the input power to that machine.
Clearly, the drive motor itself would have losses, and it was important 
that these (with the exception of its I^R losses) did not depend 
upon the load applied. This condition is met by a machine that has 
no iron in the rotor, such as the Disc-Armature electric vehicle
traction motor, or the printed circuit motor. In fact the latter was 
used here» ' —
It was found necessary to apply forced cooling to the 
printed circuit motor's casing for some of the measurements, so all 
were taken with this in operation, and the locked rotor test produced 
the curve shown in Figure 5.20. The system was run with all the 
components of Figure 5» 19 except a flux return ring, to determine 
the mechanical losses in the drive motor, those in the sleeve
bearing, and the windage loss. The variation with speed of the total
2
of these, with the motor's I R power subtracted, is shown in Figure 
5.21. The additional losses due to incorporating the return ring in 
the rotor can be found with the aid of Figures 5.20 and 5.21, and 
the procedure is demonstrated for the laminated ring in Figure 5*22.
From the input power to the drive motor is subtracted the
2I R power. The mechanical power found in Figure 5«21 is then subtracted, 
leaving the variation with speed of the power due to eddy-currents, 
hysteresis, and the thrust force between rotor and stator. The latter 
is also caused by the new position of the return ring, though the 
magnitude of this loss depends upon the type of bearing used, 
phosphor bronze having quite high losses.
Hi is last curve is repeated in Figure 5*23» together with 
those found for the electrolytic and carbonyl iron powder rings, 
and the mild steel ring. The speed range over which these could be 
determined was restricted somewhat by speed fluctuations at lower 
values, caused by variable losses in the phosphor bronze thrust 
bearing. Other problems developed with this component, and its 
performance will be mentioned in Chapter 6.
po
>A
/e
./
~
V s # *
. A ' .•
Figure 5.20 t Printed circuit motor 
I^R losses, with applied cooling.
Figure 5» 21 Power losses In return ring test rig.
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Vimire 3. 1 Power in fan mot°-
return ring and thrust bearing^
These results show, not surprisingly, that solid mild steel has 
extremely high losses in the rotating member, these being 180 W at 
the fan motor's normal operating speed. For this reason, it is not 
a suitable material in this situation.
More interesting is a comparison between the losses for 
the laminated ring, and those for the iron powder ring. The former 
is nearly twice as large as the other two, though there are 
limitations in this comparison. Firstly, it will be remembered that 
the laminated ring has an uncertain profile, and may be carrying a 
greater flux density than the others. However, it will be shown in 
Chapter 6 that the thrust bearing friction loss is a significant 
part of each of the totals, although this too is dependent upon 
the flux distribution entering the return ring. It is unfortunate that, 
with this simple test rig, it is not possible to separate this loss 
from the eddy-current and hysteresis losses.~0f course, tests 
performed in a drum-shaped machine would achieve this. It must 
be remembered, though, that the purpose of these initial tests was 
to select a suitable material for the fan motor, and either iron 
powder ring appears from Figure 5*23 to be preferable to the laminated 
ring.
The electrolytic iron powder ring has slightly higher 
losses than the carbonyl iron powder. However, the difference 
at the motor's normal operating speed is only 0.4 W, and so the 
advantage might alter if the greater field entering the former type 
was taken into account. It has been shown, then, that the selection 
of the electrolytic iron powder ring for use in the fan motor, made 
in Section 5.3, was quite justified. Chapter 6 will describe tests 
on this machine that indicate the true magnitude of the eddy-current
and hysteresis losses
5« 5* Field in the air gap of the wheel motor.
The electric vehicle tract!on motor was designed to use 
Hycomax IV permanent magnets to produce the field. However, as was 
mentioned in Section 2.2, this material was not available when the 
prototype was manufactured, and so Hycomax III was used instead.
Each set of magnets was magnetised in the manner described in Appendix 
IV , although that was intended for Hycomax IV. It was therefore 
decided to encapsulate some search coils in the armature of the wheel 
motor, with which to measure the field.
Two types of search coil were used, and each is shown in 
Figure 5.24 One spanned one pole pitch, and the other was much 
narrower, though it also extended over the whole active radial length. 
Both of these were located in the middle of the armature, between 
the two double-layer windings. Since armature reaction is negligible, 
the armature could be rotated by hand, and a field distribution for 
normal operating conditions would be produced. The leads from the 
ends of the coils come out of the machine through the centre of the 
shaft, and a hole was left in the centre of the mould (FigureAIV.5) 
for them to protrude through during encapsulation. A dial was 
attached around the shaft to indicate the angular position of the 
armature.
The flux distribution for the small search coil is plotted 
in Figure 5.25, its area being 120 mm . This approximates to the 
flux cut by a conductor, as it performs a revolution in the machine.
A calculation of a similar distribution to this was given in Figure
/ 7 0
Figure 5« 24 Searcu 'lasd In the wheel motor.
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3.17 for the fan motor. A comparison of the shapes of the two 
distributions shows that the wheel motor's is uncharacteristic 
in that a slight reduction in flux is detectable over the centre 
of each pole. This raises doubts about the validity of the theoretical 
approach for this magnet material.
The peaks in the flux distribution for the pole pitch 
coil can be used to determine the useful flux from each pole. That
distribution is shown in Figure 5.2$ and the area of the coil is
2
1057 mm . There is a slight variation in the heights of the peaks,
due to small errors in the dimensions ana locations of the magnets.
The useful flux densities from the poles will therefore be within
P Pa range, which is found to be 0.172 Wb/m‘ to 0.185 Wb/m . The 
densities at the magnet faces will be greater than these, but will 
nevertheless be much smaller than the designed values. An approximate 
method will be used initially, to show that these magnets are 
working on a recoil line.
First of all, it was felt advisable to check the B-H 
characteristic of this particular material with that quoted by the 
manufacturers for Hycomax III. A sample was therefore returned 
to them, and they produced the characteristic (in C.G.S. units) 
shown in Figures.27. The remanence and coereivity quoted in Reference 
1 2 are 9000 G and 1600 Oe respectively, which are quite close to the 
values of 9480 G and 1590 Oe found for the sample.
The useful flux densities found in the air gap_$re equivalent 
to the magnetising force, IJ , in Equation 2.1 , being directly related 
to it by the constant The equivalent range of flux density, Em ,
produced at the magnet face will be greater than these due to the
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pole arc being less than the pole pitch« and the existence of leakage
flux to adjacent magnets. For the wheel motor, the pole arc/pole
pitch ratio is 0.78, and it will be estimated that the magnet flux
is reduced by 20? due to leakage. This means that B is within the012 2
range 0.276 7b/m to 0.296 VTb/m . Furthermore, if it is estimated 
that 20?. of the magnet m.m.f. does not appear in the air gap,
Equation 2.1 can be used to plot an air gap load line on the B-H 
characteristic. From the axial dimensions in Table 2.1, it can be 
found that
K  * 4 -85-/b*Sm
The B-H characteristic is repeated in Figure 5.28, with the
load line and operating range inserted on it. The relative recoil
permeability of Hycomax III is 2.4, and this is used to plot the
equivalent operating range of these magnets on open circuit. This is
clearly well beyond the critical field for recoil working, given by
2
the manufacturers as 0.41 Wb/m . This critical point is marked on 
the curve, as is that for Hycomax IV, whose characteristic is included 
for reference. It will not be possible, though, to make a direct 
comparison between the two materials, since their intrinsic 
magnetisations are not the same, and that for Hycomax III does not 
even obey the relationship of Equation 5.1 in this region.
5.5.1. Magnetisation of the wheel motor’s poles.
A more accurate determination of the operating point of 
the magnets can be achieved by taking measurements during the 
magnetisation process. The jig that is used for each stator half 
in turn .is described in Appendix IV. This is connected
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to  a capacitor impulse magnetiser, through the circuit shown in 
Figure 5.29.
The voltage to he delivered to the magnetising coil is set 
on the magnetiser, so that the current drawn will he dependent on 
the t o t a l  load impedance. The circuit had to allow the current to 
he altered, because the magnetiser UBed could not supply less than 
about 180 V. A low resistance coil of quite thick conductor, H1, 
i s  shunted across the source to produce a high current range, and a 
high resistance coil, H2, is connected in series with the magnetising 
coil to give a low range.
The magnetising current is passed through a shunt, connected 
to the Y-plates of a storage oscilloscope. The voltage displayed will 
he proportional to the ampere turns developed in the magnetising coil.
A calibration curve between this and the set voltage can therefore 
be prepared for each range, and these are given in Figure 5.50. These 
curves apply to demagnetisation also, which is achieved by the four 
reversing contactors shown in Figure 5.29. IVhen the set voltage on 
the capacitor magnetiser is released into the circuit, the current 
rises sharply, and then decays, in the manner shown in Figure 5«5t.
The shape of this pulse is determined by the voltage and the circuit 
connections.
The manufacturers' literature (Reference 14) states that the 
minimum magnetising force to take Hyconax III to its saturation 
flux density is 4.0 x 105 A.T/n. Applied to the ten magnets in one
s ta to r  h a l f ,  t h is  i s  e q u iv a le n t 'to  a s e t  v o lta g e  o f 210 V. Below 
th is  minimum v a lu e , th e  f lu x  d e n s ity  reached i s  reduced q u ite  sh arp ly .
The flux density in one pole was recorded using an integrating fluxmeter.
/76.

V80.
The search coil was located at the root of the magnet, where it is
*attached to the mild steel backing plate. This plane through the 
magnet is the most remote from the magnetising coil, and so it will 
record the lowest value of flux density.
The conditions to produce a magnetising force of 4.0 x 
10^ A.T/m were set up, and this was repeatedly applied to the magnets, 
producing the increasing flux density shown in Figure 5.32. This by 
no means reaches saturation after one pulse, and after 13 has only 
risen to p.5B Wb/m . It was then decided to apply 13 pulses at higher 
values of magnetising force, and the fieldB reached are given in 
Table 5.3 . These results are too erratic to be plotted as a curve, 
but they do Bhow that the remanence of 0.940 Wb/m has not yet been 
achieved.
The most likely explanation of this is that there is 
excessive leakage between adjacent magnetising coils, so that the field 
in the magnets is considerably reduced. The conductors forming 
adjacent coils are quite close together, since the gap between 
adjacent magnets is also quite small. As the magnets are to be of 
alternate polarity, these adjacent conductors carry current in the 
same direction, and this gives rise to the high leakage flux.
These results have therefore revealed an unforseen difficulty in 
magnetising a complete set of magnets at once. It will be seen, 
though, thatthe approximate prediction of the operating point was 
quite accurate.
One set of magnets was magnetised by gradually increasing 
the applied voltage up to the maximum, which was repeated for two 
further pulses. The flux density rose to the same value it achieved 
after 13 pulses of the maximum voltage, thus showing again the

/S 2
Table 5» 3; Remanence achieved after 1? pulses of given field 
strength to wheel motor stator half.
Applied field, A/m x 10
40
71
108
1J8
158
Renianence
0.58 
0.61 
V 0.77 
0.82 
0.88
Wb/m2
V. /8S.
unpredictability of the results. This rise to 0.88 Vfb/nr is shown 
in Figure 5.5?. The magnetising? jig was then removed, and the field
O
at the root of the magnet fell to 0.242 VTb/m . However, the field 
at the face of the magnet will give a better indication of the useful
p
flux density available, and this was found to be 0.154 '.Vb/m .
The assembly of this stator half into the machine was 
then simulated by placing a mild steel ring at half the air gap length 
from the pole faces. This was preferable to assembling the whole 
machine, as the change in field could be measured more quickly.
The flux densities at the root and face rose to 0.346 VVb/m and
p
0.275 ’Vb/m ' respectively. The latter value falls within the operating 
range already predicted in Figure 5«28 This point, and the load line, 
are transferred to Figure 5*34., and the relative recoil permeability 
is used to locate the open circuit operating point on the magnet face.
These two points on Figure 5*34; are the first to be plotted 
in this series of tests, that can be relied upon to be realistic.
They show that these magnets are clearly operating on a minor B-H
2
loop during magnetisation, and also that the remanence of C.88 Wb/m 
seems an unlikely value. For the tests relating to Figures 5.?2 
an*1 5.33 and Table 5.3, it was not possible to remove the search 
coil between successive pulses. Each reading after the first was, 
therefore, not absolute, but the increase of its predecessor. Ibis 
was a problem caused by the closed magnetic circuit. If* between 
pulses, the flux density settled to a lower value than the recorded 
change had indicated, then there would be cumulative error making 
the predicted value too high. This might be caused by a strong field 
perpendicular to the anisotropic direction, that gradually rotated
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the magnetic domains. Such a field would result from excessive leakage 
f l u x ,  as has already been shown to exist.
An experiment was therefore devised from which the reraanence 
could be found with only absolute readings of flux density. The 
maximum magnetising force was applied several times, to achieve the 
saturation condition. The direction of current flow through the 
magnetising coil was then reversed, a selected demagnetising voltage 
was applied, and the decrease in flux density was measured. With 
the magnetising jig removed, the flux density on open circuit was 
recorded. If this was zero, then the decrease would have been equal 
to the remanence, for the closed circuit and open circuit operating 
points after demagnetisation must both have been at the origin.
These measurements were made at the face of the magnet, 
and the experiment was repeated until the desired results were found. 
Table 5.4 shows that the magnetising force was gradually increased, 
through the value that completely demagnetised the stator half.
The remanence was therefore deduced to be 0.791 Wb/m . This value 
is marked on Figure 5.34 in preference to the previously determined 
0.80 Wb/m ', and an estimated minor B-H loop that these magnets are 
operating on is plotted.
An open circuit line can be drawn on Figure 5-34 as shown . 
The intersection of this with the major B-H characteristic indicates 
the operating point of these magnets, had they been fully magnetised. 
The relative recoil permeability and the load line are then used to
show t h a t , even  i f  t h i s  had h appened, r e c o i l  operation would still
2
have  o c c u r r e d , and the  magnet f l u x  d e n s i t y  would h a ve  been O 0j 6  v»b/m’ .
The substitution of Ilycomax III for Hycomax IV in the wheel
Table 5« T)ema«metiBfttj -» —  h'lf ^  r*"K g52£
Applied
demagnetising
force,
A. turns.
Reduction in 
flux density,
Wb/ m2
Absolute flux 
density on 
open circuit,
Wb/m2
24500 0.754
0.025
259OO 0.775
0.012
27400 0.791
0.000
28800 0.82C
-0.012
302OO 0.832
-0.025
motor was therefore not successful, for two reasons. Firstly, it 
has been shown that fully magnetised magnets of the former type will 
operate in recoil, due to the shape of its B-H characteristic.
Secondly, the decision to magnetise a complete stator half at the same 
time has led to operation on a minor B-H loop, due to saturation not 
being achieved. Consider the demagnetising forces given in Table 5*4. 
The value of 27,400 A.T. is equivalent to 322 kA.T/m, and yet the 
coercivity of Hycomax III i6 only 126 kA.T/m. A large proportion 
of the magnetising force is therefore supplying leakage flux, because 
of the close proximity of adjacent poles. This could be overcome 
by magnetising each magnet individually before assembling it onto 
the backing plate, but even so, operation on a minor B-H loop would 
occur in the complete machine.
6. MOTOR PERFORMANCE.
6.1. The Radiator Cooling Pan Kotor.
The first prototype of the fan motor had a parallel- 
surface thrust bearing, with phosphor bronze on the rotor and 
mild steel on the stator, ^his combination was also used for 
the sleeve bearing. When the tests to find the losses due to the 
rotating flux return rings were performed using this bearing, speed 
fluctuations were noticed at certain values. These were due to 
variable power losses in the bearing, that occurred despite a 
circumferential groove that retained a layer of lubricant.
This motor was tested, with a dummy shaft fitted for it 
to drive the dynamometer. It was found necessary to correct the 
reading on the dynamometer, for its own losses were not insignificant. 
This correction was determined using the second prototype fan motor, 
and will be described presently. The performance curves of this machine 
are shown in Figure 6.1, and because this correction has already been 
applied, no experimental points are shown for torque, output power, 
or efficiency.
This motor has a very disappointing efficiency, and, once 
again, considerable fluctuations in the speed are noticed, that are 
reflected by the plotted points. The operation of the thrust bearing 
is the cause of this problem, for, although there was always a thin 
oil film present when the motor was disassembled, it was clearly 
not sufficient to sustain reasonably low and steady losses throughout

/<?/
these lengthy tests. It is not within the scope of this thesis to 
undertake a particular study of the mechanism of these losses, though 
the following observations will be made. It is clear from the curves 
of Figure 6.1 that the losses due to incorporating the flux return 
ring in the armature are somewhat larger than those predicted in 
Figure 5*23 for the electrolytic iron powder sample. However, those
earlier tests were performed with much shorter durations and with
2no I R heating present in the region of the bearing. These performance 
curves were plotted after the motor had "warmed up", and so there 
would be greater heating at the bearing surface, leading to different 
values for the losses from this source.
It appears, then, that the inclusion of this simple bearing 
to reduce the cost of the machine was not successful. It was therefore 
replaced by a combined roller bearing, although it may not actually 
have been necessary to discard the original sleeve bearing. The 
armature and stator of this second prototype fan motor are shown 
in Figure 6 .2. It is possible to see, over the active region of the 
armature surface, the tapes holding individual coil sides together.
The conductors themselves are just visible there, and also at the 
periphery. This indicates that very little of the machine's axial 
length is wasted, and there is only a very thin layer of epoxy resin 
between the conductors and the surface. On the stator, some of the 
magnets can be seen to have ragged edges, as already described in the 
previous chapter. _
A locked rotor test was performed firstly on this motor, 
to determine the magnitude of the I^ It losses. This was performed
Figure 6.? Second fan motor's armature (lef-Q «and stator (right).
/?3
after the motor had been run for Borne time and had attained its 
normal operating temperature. It should be noted that the resistance 
part of these losses is not only the armature winding resistance, 
but that at the brush contacts with the rotor stationary. The 
variation with current is shown in Figure 6.3, which is considerably 
less than that for the printed circuit motor. ' When it 
is also considered that the Disc-Armature machine has a greater 
armature volume, it is clear that the printed circuit motor operates 
at a much higher temperature, a factor that led to the failure 
of the. armature when the latter was tested.
The motor was then run with no load to determine the
2magnitude of its mechanical losses. The I R power is subtracted 
from the measured value, to give the required variation as shown in 
Figure 6.4. In fact, this mechanical loss curve will be slightly 
in error, because the brush contact resistance will have increased 
due to armature rotation. However, the values of current involved 
are small, and this error will not be very great. Included in the 
mechanical power losses are eddy-currents and hysteresis in the flux 
return ring, friction in the combined bearing, brush friction, and 
windage.
Brush friction can be calculated over the speed range of 
interest using Reference 15 * and has been found to be 1.56 W«
2730 rev/min.. This loss is subtracted from the total mechanical 
power loss in Figure 6.4. If it is assumed that the remaining losses 
are in the return ring and the thrust bearing, then the magnitude 
of these is somewhat less than that given in Figurt 5-23. is
mainly due to the design of the thrust bearing, that has developed
. Flffureé.^ Second fan motor's
I R -power losses.
Figure 6.4 Second fan motor's performance with no load.
I/ n
from the phosphor bronze type, which caused these losses to increase 
noticeably during lengthy tests, to the roller type. Both were 
lubricated with oil in the same way, but the latter has reduced the losses 
below those originally found for the well-lubricated parallel-plate 
bearing. Now, the total mechanical loss at 2730 rev/min is 28.20 W., 
or 26.64 W. with brush friction subtracted. Further tests on this 
motor will show that much of this is in the thrust bearing, so that 
the losses in the iron powder ring are quite small.
As has already been mentioned, this machine was used to 
determine the mechanical losses in the dynamometer. The latter was 
driven by the motor, with no load applied, and the variation with 
speed of the total mechanical losses in both machines was found as 
for the motor alone. This is shown in Figure 6.5, and the component 
in the dynamometer is found by subtractirgthe motor's mechanical 
losses (Figure 6.4). This last curve was used to plot the correct 
outputs from the two fan motors. The performance curves for the 
second prototype fan motor, that shown in Figure 6.2, are given in 
Figure 6.6. It will be noticed that these, like the curves for the 
other machine, are for a terminal voltage of 14 V. This is equivalent to 
a 12 V automobile starter battery, that is assumed to be being 
charged.
In Chapter 4, the method of calculating the variation 
of conductor e.m.f. and torque with angular position was described.
This was developed into an evaluation of the equivalent quantities 
in each winding path for the fan ra otor, and the variation with 
angular position was shown in Figure 4.13» Those results were 
either e.m.f. per unit of angular velocity, or the torque per 
unit of conductor current. The average values, found from Figure 
4.13» are 0.03668 for the clockwise path, and 0.03719 Tor the 
anti-clockwise path. The accuracy of the calculation can therefore
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mbe checked from the experimental results of Figure 6.6, and it will 
be simpler to consider torque than e.m.f.
T, rather than the outpi
that plotted in Figure 6,
accounted for by a no loi
considering the slope of
that each winding path ci
although the torques for
found from Figure 4.13 c>
This has a measured valui
the calculation for the i
the anti-clockwise path.
the motor’s performance :
that the predicted value
of the axial field cuttii
The variations
this fan motor are shown
losses, found from Figur
the mechanical losses. '
drop loss". It haB alre;
Figure 6.4 that the I2R
the relative motion betv
factor is represented by 
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similar shape to the 1 R
The calculated torque ie equivalent to the armature torque,
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It might he assumed, for a steady—state analysis, that 
all the losses in the machine are either independent of, or 
proportional to the square of the armature current. It should 
therefore be possible to represent the brush drop loss by a constant 
resistance, part of a total resistance. The experimental 
values for this loss were therefore plotted against current, 
and the resulting curve is shown in Figure 6 .8. A calculated curve 
for a resistance of 0.081 ohms is also shown, and the two are in 
quite good agreement.
The same procedure was adopted with Figure 6 .3, and a
resistance of 0.238 ohms is seen to be a good approximation to the
2I H losses. The additional resistance due to rotation is therefore 
most significant, and this should always be added to the static 
armature resistance used.. The value of the total can be 
found from the stall current, which was estimated as 45.0 A., 
and the terminal voltage of 14 V.. The resulting resistance is 
0.311 ohms. This is very close to the total of the resistances 
used in Figures 63 and 6 .8, that being 0.319 ohms.
It should be noted that it is possible to calculate the 
resistance in a winding path using Kquation 4.12. However, this 
cannot be expected to agree well with the measured value unless the 
constant is found accurately. If suitable tests were performed 
on the armature alone , without the brush contacts, the procedure 
described here could then be used to determine quite accurately 
the variation of the static and dynamic brush drop losses with speed.
20!
It might be assumed, for a steady-state analysis, that 
all the losses in the machine are either independent of, or 
proportional to the square of the armature current. It should 
therefore be possible to represent the brush drop loss by a constant 
resistance, part of a total resistance. The experimental 
values for this loss were therefore plotted against current, 
and the resulting curve is shown in Figure 6 .8. A calculated curve 
for a resistance of 0.081 ohms is also shown, and the two are in 
quite good agreement.
The same procedure was adopted with Figure 6 .3, and a
resistance of 0.238 ohms is seen to be a good approximation to the
2I R losses. The additional resistance due to rotation is therefore 
most significant, and this should always be added to the static 
armature resistance used.. The value of the total can be 
found from the stall current, which was estimated as 45*0 A., 
and the terminal voltage of 14 V.. The resulting resistance is 
0.311 ohms. This is very close to the total of the resistances 
used in Figures 63 and 6 .8, that being 0.519 ohms.
It should be noted that it is possible to calculate the 
resistance in a winding path using Equation 4.12. However, this 
cannot be expected to agree well with the measured value unless the 
constant C1 is found accurately. If suitable tests were performed 
on the armature alone , without the brush contacts, the procedure 
described here could then be used to determine quite accurately 
the variation of the static and dynamic brush drop losses »ith speed.
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Finally, it was decided to test this motor with a fan load. 
It will he remembered that the intention is to attach fan blades to 
the periphery of this machine, but for this test, the fan used with 
a printed circuit motor was fixed to a dummy shaft as shown in 
Figure 6-9. At the normal supply voltage, a current of 9.5 A. was 
drawn at a speed of 2730 rev/min.. It will be noticed from the 
performance curves of Figure6 .6 that this point does not fall near 
the speed vs. current characteristic. It might be expected that the 
fan is blowing air over the motor to cool it, and thus alter the 
heating losses. However, most of the blades extend over radii 
greater than ant* so it is not likely that this effect would be 
the cause of such a large discrepancy. The performance curves 
predict a current of 11.2 A. at this operating speed.
In this machine design, the only force holding the rotor 
on the stator is that due to the attraction of the flux return 
ring to the magnets. There are no mechanical restraints such as 
bolts. The direction of rotation of this fan waB such that air 
was blown past the motor, and the reaction force between rotor and 
Btator was opposed to the magnetic attraction. Thus, operation with 
the fan load relieved the load on the thrust bearing, and reduced 
the losses associated with this.
A reduced input power can be calculated at this new current, 
which gives an operating efficiency of 65.8^. This can be compared 
with 56.2?$ without the fan effect, and is an additional advantage of 
this design over the printed circuit motor. The total power losses 
a r e  4 5 .5  ’.v ,, from which the mechanical losses can be found. At 
this current, the static l2 A losses are 21.5 W., and the dynamic 
brush drop Io b s  is 7.3 W.. The fan effect has therefore reduced

the mechanical losses from 28.0 17. to 16.7 W.. This reduction of 
11.3 at this speed must have come off the thrust hearing losses 
alone, since the air gap length did not alter. Taking the calculated 
brush friction loss into account, .the eddy-current and hysteresis 
losses in the iron powder flux return ring arc seen to be no 
greaterthan 15 \7. at 2730 rev/min.. Clearly some of this 15 W. is 
accounted for by the thrust bearing, since the armature did not 
come away from the stator at this speed. It can therefore be 
concluded that the rotational losses in the iron powder material 
alone may well be less than this figure, and that the major problem 
with incorporating the return ring into the rotor is the inherent 
thrust force.
6.2. The electric vehicle traction motor.
In Section 4.6, it wasdescribed how the negligible armature 
inductance in the wheel motor could lead to an unusual variation of 
voltage across a coil, while it was being commutated. To observe 
this effect in the'first prototype wheel motor, wires were connected 
to two adjacent commutator segments. These were brought out of the 
machine via silver slip-rings and silver graphite brushes, and 
connected to an oscilloscope. These connections were made before 
the armature was moulded, in a similar way to the search coils 
already mentioned. The resulting trace can be used to observe 
th e  variation of flux density from each pole, and to verify that 
armature reaction is negligible. I f  sparking o c c u r s ,  v o l t a g e  peaks 
will indicate this as the coil passes under the brushes (in fact, 
it will be remembered that the wheel motor has two lap windings in
) V
2oL
parallel, and there will be two coils connected across adjacent 
commutator segments).
It is usual in lap-wound machines to include equalising 
rings, to ensure that any circulating currents do not flow through 
the brushes. These may be caused by there being slight variations 
in the shapes of the poles or the armature coils. Although it 
would be desirable to have equalisers in the wheel motor, they would 
confuse the measurement of the one coil's bar-to-bar voltage.
As they rotate with the armature, and the brushes are stationary, 
other coils would be continually connected in parallel to this coil, 
and then disconnected. Equalisers were therefore not included in 
this machine, though the field distribution of Figure 5.26indicates 
a need for them.
When thiB motor was initially run, a very satisfactory trace 
was observed, that indicated the existence of some sparking during 
commutation. Unfortunately, the connecting wires from the segments 
repeatedly became disconnected from the slip-rings after only a 
short operating time, and it was not possible to photograph any 
of the traces. This was due to heat being transmitted along these 
wires, the source of which will be subsequently explained.
The initial test performed on this motor was to find 
its losses, without the gearbox attached, and with no load applied. 
These are shown in Figure 6.10. The total losses are somewhat 
greater than expected, and Some of the components were evaluated 
individually. The power lost due to brush friction ean be calculated 
using Reference 15, and has been found to be 79 W. at a speed of 
10,500 rev/min.. This varies linearly with speed as Bhown in the 
figure. The resistance of one of the parallel paths in the armature
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can be found from Equation 4.12. The total winding resistance, Ra,
1b then calculated as 0 . 0 1 3 7 5 ohms, allowing a 20/ addition for
2heating* Even so, the maximum I R^ power over the acperimental 
range is only approximately 15,, It is therefore expected that 
the armature power, El, should be approximately equal to the total 
power at any speed in Figure 6.10.
It is possible to evaluate the armature e.m.f., E, using 
Equation 2.14and the values for B given in Section 5.5. The latter 
was in the range 0.172 17b/ra to 0.185 Wb/m , and so the average 
flux density is used to give the variation of El with speed that 
is shown in the figure. The difference between this curve and 
that for brush friction is the combined windage and bearing power 
losses. The bearings in this machine were designed to operate up 
to 20,000 rev/min., and it is not expected that they constitute the 
major part of this combined loss. It would be quite difficult to 
calculate the windage for this complicated armature shape, so 
this method gives some appreciation of its magnitude without this 
being necessary. It is not surprising that it has reached a 
significant value at speeds in excess of about 4»500 rev/min..
If the I2Rft power loss is no greater than 1 W., then 
there must be an additional voltage drop in the electrical circuit 
to account for the large difference between the total power and 
the calculated armature power. The maximum current recorded 
during this test was 8.5 A., and this corresponds to a brush 
contact voltage drop of approximately 0.1 V. per brush, found from 
th e  manufacturers' data. This clearly does not account for the 
power difference, which is 156 W. at 10,500 rev/min.. The type
. 2.0 7
of commutation occurring in this machine must therefore he very 
different from that in the tests from which the manufacturers 
derived their data.
This effect strongly supports the description of the 
commutation given in Section 4.6. There will be a voltage 
generated across the segments to which the coil being commutated 
is attached. This voltage will cause a current to flow through the 
short-circuited coil, the segments, and the brush that completes 
the circuit. Furthermore, the current will change direction three 
times during the short-circuit. It would be very difficult to 
determine the magnitude of this current at each moment, since the 
current density through each brush/segment contact is continually 
changing, and the brush contact voltage drop does not vary linearly 
with this. It would, in fact, be difficult to obtain an accurate 
relationship that could be used for this situation.
The resistance of one coil is calculated as 0.069 ohms, 
and this would assist quite a high short-circuit current, and 
hence heating loss, from a modest value of induced voltage in the 
commutated coil. If the coil’s self-inductance is assumed to be 
zero, the maximum value of this e.m.f. can be calculated from the 
brush and segment dimensions, and the field distribution of 
Figure 5.26. It is estimated that commutation commences and terminates 
when a coil is experiencing a field of 0.071 Wb/m , which is 
equivalent to an induced e.m.f. of 1.84 V. at 10,500 rev/min..
In this machine, it will be remembered that there are two coils in 
parallel across each pair of adjacent segments, and their combined 
resistance will alter quite significantly with temperature.
2.10
The difference between the total power and the calculated 
armature power in Figure 6.10 can therefore be attributed to two 
sources. The first is a heating loss in the short-circuited coils 
themselves. The second is an additional heating loss at the brush 
contacts. Clearly, the maximum induced voltage across the two 
segments is very much larger than the normal brush contact voltage 
drop. This can be accounted for by a non-uniform current density 
flowing from the brush to the segments.
Since the electric vehicle was to be powered by one wheel 
motor unit in each rear wheel, a duplicate machine was made at the 
same time. However, this second motor had no special connections 
to the armature, and so equalisers were included for every other 
commutator segment. The brush and segment dimensions are such 
that only two segments are short-circuited by a brush at any time.
It is unlikely, then, that the equalisers will alter the effect of 
the induced voltages in all the short-circuited coils. The same 
test and calculations'were performed for this motor, and the results 
are shown in Figure 611. At a speed of 10,500 rev/min., the 
difference between the total power and the calculated armature 
power is 154 W., which is quite close to the value of 15^ W. found 
for the first motor.
The major difference with the second machine is that the 
mechanical power losses are much higher than were those of the
- * -o
first. The reason for this was discovered when it was disassembled
after the test. It was reasonable to assume that neither windage 
nor brush friction would vary greatly from one machine to another, 
since the clearances between rotor and stator, and the brush
i »WP*
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pressure, were approximately the same in each. The bearings also 
were found to be in the same condition. However, the photographs 
of each side of the armature show that considerable damage has 
occurred (Figure 6.12).
Firstly, the commutator itself no longer has a smooth 
finish, but shows the effects of considerable sparking. This 
confirms the conclusions already reached with regard to commutation 
Secondly, it can be seen that the armature coils in one region have 
generated.enough heat for the epoxy resin to crack. It will be 
remembered that the heat deflection temperature of this mixture is 
about 150°C. This damage has occurred mainly around the end- 
windings, at both ends of the active region. These positions are 
the most vulnerable in this respect, since they carry the greatest 
concentration of armature conductors. The outer layer of conductors 
is then lifted beyond the normal position of the armature's surface, 
due to the expansion of this layer and those beneath it. This has 
been sufficient to cause some conductors, and some epoxy resin, 
to rub against the stator. The result for this motor was the 
additional mechanical loss already noted.
The heat generated in these regions may be caused directly, 
by the current flowing in each coil when it is being commutated, 
and also by the conduction of heat, mainly through the copper, 
from the brush contacts. Before it was possible to study this 
further, the same fault had occurred in the first wheel motor.
The normal mechanical power losses in a Disc-Amature 
motor running at 10,500 rev/min. do not appear to be excessive in 
magnitude. However, at speeds much greater than this, the windage
J2.l¿
will increase quite rapidly. This may well be the limiting factor 
on the operating speed, if the commutation losses are overcome.
The latter have been described, and their effects noted, and it 
is now clear that further investigation of the variation of 
bar-to-bar voltage in the commutated coil is most important for 
this machine to progress. This phenomenon will not be peculiar 
to the high speed wheel motor, and it may well occur also in the 
fan motor, for example. However, that machine runs at only 
2750 rev/min., at which speed this loss may be negligible. In 
fact, in Section 6.1, all the fan motor's power losses were 
adequately accounted for.
It should be mentioned that, in the fan motor, the close 
proximity of the flux return ring to the winding may provide the 
armature coils with just sufficient self-inductance for the coil 
current to reverse in the normal way during commutation. The other 
important factors that will determine the manner of this reversal 
are the field distribution in the angular direction, and the 
dimensions of the brushes and commutator segments. Nevertheless, 
the main criterion for good commutation is that this should occur 
in a minimal field, so that no significant bar-to-bar voltage is 
generated. Clearly, the importance of each of these factors must 
be determined, and this could have an effect on the design of the 
magnet system, which hitherto has neglected this phenomenon.
6 . Speed c a p a b i l i t y  of the Disc-Armature machine
To conclude the remarks about the suitability of this type 
of arnature disc to run at high speeds, the results of some over­
speed tests are reported. A test rig was constructed so that the 
armatures of the fan and wheel motors could be driven by a belt 
from another machine, at higher speeds than normal. In this way, 
the stators of the M.3c-Armature prototypes are not involved, so 
they will not be damaged should the armature burst. The speed was 
measured using a magnetic perception head connected to an impulse 
tachometer.
For the wheel motor's armature, a steel band was shrunk 
onto the commutator, since thiB was only designed to operate at 
the normal running speed of 10,500 rev/min.. We are more concerned 
with the epoxy resin, to determine whether this needs reinforcing 
with carbon fibres, for example. In fact, this armature achieved 
a speed of 14,500 rev/min., without showing any damage, although 
it can be seen from earlier tests that windage will be quite large 
at this speed. The commutator band was then removed to restore the 
armature to its original fc_m. This was then run continuously 
at 10,500 rev/rain. for hours, and still no damage occurred.
It can therefore be concluded that this armature does not require 
reinforcing, and further, that the damage described in the previous 
section was due to armature heating rather than to the centrifugal 
force.
An arm ature from the fan motor was then ascembled in 
the test rig. This v.a.s gradually accelerated until, at a speed of 
15,500 rev/mln., cracking occurred. The extent of this is shown
-2/4.
in Figure 6 .13. as the major cracks are in the radial direction 
on the return ring's side of the disc. The density of the iron powder 
ring is approximately four times that of the epoxy resin mixture 
used for encapsulating the winding. Therefore, the most probable 
cause of the cracks is the variation of the centrifugal force in 
the axial direction. Thus, the return ring end of the rotor has 
parted from the phosphor bronze bearing, but the commutator end 
has not. It may be concluded from this that a symmetrical disc 
design, as in the wheel motor, is preferable for operation at high 
speeds.
Both of the armatures for the wheel motors had to be 
balanced. Small weights were added inside the outer rim that 
houses the end windings. However, the fan motor armature used in 
this test was not balanced, and it is interesting to note that 
no excessive vibrations were experienced up to the speed of 
15*500 rev/min.. This indicates that the epoxy resin moulding is 
reasonably homogeneous throughout its volume, containing very few 
air bubbles. The encapsulation process appears to have succeeded 
well in this case. Also, the thickness and homogeneity of the 
flux return ring must be approximately constant, and this was due 
to great care being taken in preparing the mixture and compacting 
it evenly.
The tests performed on these two types of Disc-Armature 
motor have shown some of the advantages and some of the limitations
of the machine. It is now possible to sea for what applications
d esig n s can be c o n fid e n t ly  preps.red, and what criteria to use, and 
also for what operating conditions further study and experiments
are needed

2/8
7. CONSIDERATIONS FOR MACHI?:S DESIGN.
7.1. Selection of magnet dimensions.
The importance of treating the Disc-Armature machine as 
a three-dimensional problem has been demonstrated already. In particular, 
Figures 5.17 and 3.18 show the field distribution in the radiator 
cooling fan motor at one of the conductor layers. The latter gives 
the radial distribution, and indicates that the field at radii fL 
and Rg (Figure 3*7) is approximately half its maximum value. That 
occurs at a radius slightly greater than the average radius, as might 
be expected from the discussion in Section 2.3 . This shows a clear 
need to optimise the design of the axial-field machine in the radial 
direction. If the ratio of Rg to R^  is increased, there will be a 
greater length of active conductor, but there will also be a greater 
waste of useful flux available in the air-gap.
T he m o s t  common c r i t e r i o n  f o r  r e l a t i n g  R^ t o  Rg i s  t o  
m a x im ise  t h e  a r m a t u r e  p o w e r. T h i s  p o w e r ,  E . I ,  m u st f i r s t l y  b e  
o b t a i n e d  i n  te r m s  o f  s p e c i f i c  e l e c t r i c  a n d  m a g n e t ic  l o a d i n g s .  T h e se  
a r e  d e f i n e d  s o  t h a t  t h e y  d o  n o t  v a r y  w.1 t h  a  m a c h in e 's  d im e n s io n s ,  
b u t ,  w hen m u l t i p l i e d  by  w h ic h ,  w i l l  g iv e  a  m e a s u re  o f  t h e  m a c h in e 's  
t o t a l  e l e c t r i c  a n d  m a g n e t ic  l o a d i n g s .  T h ey  a r e  t h e r e f o r e  u s e d  t o  
s e p a r a t e  t h e  e x p r e s s i o n  f o r  a r m a tu r e  p o w er i n t o  te r m s  t h a t  a r e  
in d e p e n d e n t  o f  m a c h in e  d im e n s io n s ,  a n d  a  f u n c t i o n  o f  R^ a n d  Rg.
I n  c o n v e n t i o n a l  m a c h in e  t h e o r y ,  t h e  s p e c i f i c  m a g n e t ic  l o a d i n g  
i s  i d e n t i c a l  t o  t h e  a v e r a g e  u s e f u l  f l u x  d e n s i t y  i n  t h e  a i r - g a p ,  B.
T he v a lu e  o f  B w i l l  d e p e n d  o n  t h e  p e rm a n e n t  m ag n e t m a t e r i a l  u s e d ,  
b u t  i t  w i l l  b e  a p p r o x i m a t e ly  c o n s t a n t  i f  t h e  p o le  f a c e  a r e a  i s
J2/9.
a l t e r e d .  H o w e v e r, t h e  t h e o r y  d e v e lo p e d  f o r  t h e  D ie c - A r m a tu r e  m o to r  
i n  S e c t i o n  2.3 h a e  show n  t h e  flvuc d e n s i t y  a t  a  g i v e n  p o i n t ,  B. . ,  
t o  b e  i n s e p a r a b l e  f ro m  t h e  r a d i u s  o f  t h a t  p o i n t ,  r ^ .  I f  t h i s  i s  s o ,  
th e n  a  s p e c i f i c  m a g n e t ic  l o a d i n g ,  in d e p e n d e n t  o f  m a c h in e  d i m e n s i o n s ,  
c a n  n e v e r  b e  d e f i n e d .  F o r  t h e  p u r p o s e  o f  p r o d u c i n g  op tim um  d e s i g n s ,  
t h e r e f o r e ,  t h e  a s s u m p t i o n  w i l l  h a v e  t o  b e  m ade t h a t  g ^ ,  c o r r e c t l y  
d e f i n e d  by  E q u a t i o n  2.4, i s  i n d e p e n d e n t  o f  r ^
T h e  a v e r a g e  s . m . f .  i n  a  c o n d u c t o r ,  Ec ,  w i l l  b e  f o u n d ,  
as before, u s i n g  E q u a t i o n  2.3 t o  b e :
The s p e c i f i c  m a g n e t ic  l o a d i n g ,  B , c a n  b e  r e c o g n i s e d  i n  t h i s  e x p r e s s i o n
For the purpose o f  d e s i g n i n g  a  m a c h in e ,  i t  i s  b e t t e r  t o  r e - w r i t e  
Equation 7.1 i n  the m a n n e r  o f  E q u a t i o n  2.14. H e n c e ,  t h e  a r m a t u r e
o . m . f . , S ,  is g i v e n  b y
T he s p e c i f i c  e l e c t r i c  l o a d i n g ,  Ac ,  m u s t  make i t  p o s s i b l e  
t o  f i n d , . f r o m  t h e  m a c h in e  d im e n s i o n s ,  t h e  t o t a l  e l e c t r i c  l o a d i n g  
i n  t h e  a r m a t u r e .  C o n d u c to r  c u r r e n t ,  I 0 ,  i s  approximately i n d e p e n  
o f  m a c h in e  d im e n s i o n s ,  b u t  t h e  n u m b e r o f  conductors, Z , w P*
u p o n  R . .  A i s  t h e r e f o r e  d e f i n e d  a s i1 c
2l
2
E - B.W.M.(R2 -  R1 ) .z (7.2)
a
22o.
(7.3)
2TTR.,
Xc is related to the armature current, I, by the number of parallel
paths, a. The armature power can therefore be found from Equations
7.2 and 7.3 as
are independent of machine dimensions. Equation 7.4 can be differentiated 
with respect to R1 to find its maximum value. This occurs when
In any electrical machine, the armature current contributes
both to the armature's power and to its heating losses. Equation 
7.5 has provided a criterion for selecting the ratio of the radial 
dimensions in an axial-field machine,based upon the maximum value 
for E.I. It is possible to show that the heating losses cannot be 
minimised by any particular relationship between R^ and R^.
The heat developed in one conductor, Qq, allowing for a 
proportion of end-windings, is found from Equation 4.12 to be
The total I2r heat in the armature, Q, can then be found using this a
expression and Equation 7.3. The current density in the conductors,
Jc, is also used because, lilce the specific loadings. It is approximate y 
independent of machine dimensions. Hence i
E.I - n.w.B.Ac.(R22 - R.,2) ^ (7-4)
Remembering that it is an approximation that B and Ac
r 2 -  / 5 . r 1 (7.5)
[<»;2
c
Q -
2ZJ,
Differentiation of Equation 7.6 with respect to R1 shows 
that, for a minimum of Q to exist, p must be less than it. However, 
it is not possible to find a relationship between H1 and in this 
range such that R1 is less than Rg. The criterion of maximising the 
armature power, that yielded Equation 7 .5, is therefore the only 
valid way of relating R1 and R? for a Disc-Armature machined This 
criterion, though, only applies to the radial direction, and it will 
be equally important to find a corresponding result for the angular 
direction, that gives Borne guidance as to what pole arc/pole pitch 
ratio should be used.
As was mentioned in Section 2.1, it is fortunate that the 
choice of the number of poles to be used in any design is limited.
A value is chosen by experience, paying attention to the resulting 
coil shape. Thus, the pole pitch is selected, and the pole arc can 
be varied until an optimum value is found. Increasing the pole arc 
will increase the pole face area, and hence also the useful flux. 
However, this gain becomes less as the pole arc approaches the pole 
pitch, due to an increase in the leakage flux between adjacent 
magnets. This leads to a poorer utilisation of the magnet material.
When optimising the design in the radial direction, it had 
to be assumed that B was independent of machine dimensions. In the 
angular direction, this assumption would appear to be even less 
valid, since the leakage flux will increase rapidly as a pole arc/ 
pole pitch ratio of unity is approached. However, it will be 
assumed that the intrinsic magnetisation is independent of all 
dimensions, and so Equation 3.25 can be used to give the field 
distribution in the air-gap. The evaluation of this expression,
by the program "Normal Fluxplot", was described in Section 3.4.
The pole arc is varied by altering the value of ^(Figure 5.7) 
in the upper integration limit of Equation 3.25.
The radiator cooling fan motor will again be used as an 
example of this calculation. The field distribution at one conductor 
layer is plotted over half the pole pitch at some different .radii. 
Figures 7.1, 7.2, and 7.3 are the results at 41mm., 47mm., and 
59mm. radius respectively. Each figure shows the effect of various 
pole arc/pole pitch ratios,«', on the field distribution. It should 
be noticed that 47 mm. 1b approximately the average radius of the 
active conductor lengths, and 59 mm. is for the fan motor.
These three figures illustrate what has already been 
described. That is, at any given position in the air-gap, an increase 
in the pole arc will increase the flux density. However, the total 
gain in flux density, represented by the differences in the areas 
under the individual curves, does not match the additional magnet 
volume. This is another way of demonstrating the growth of leakage 
flux caused by bringing adjacent magnets' edges closer together.
The original intention was to optimise the machine's 
design in the angular direction. However, it must firstly be decided 
which criterion should be employed. If, as with the radial direction, 
maximum armature power is required, then Equation 7*4 indicates 
that B must be maximised. This will occur when «' is unity, and 
each set of magnets is constructed by magnetising a complete toroid 
alternately in zones. This criterion clearly has no regard for the 
best utilisation of the magnet material, ar.d there will be considerabl 
leakage between adjacent poles.

Figure 7« 2» Angular field distribution at 47mm. radius 
in the fan notor. for various values of -pole arc/pole 
■pitch ratio.
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It is possible to take the calculations a stage further 
and to determine the e.m.f. in each armature winding path, for 
different values of •**. This procedure was adopted throughout 
Chapter 4, using the programs "Fluxcalc" and "Tlwave". The results 
are left to be multiplied by the appropriate factors.to give either 
e.m.f. or torque. Figure 7 »4 shows these results for ratios between 
0.65 and 0.90. These curves indicate again the declining gain in 
armature power as *• is increased towards unity.
An alternative criterion for the magnet design might be to 
maximise the power-to-weight ratio of the magnet material. The power 
would be measured by the magnets' contribution to the armature 
power, and the weight would be directly proportional to the pole 
arc. Thus, Figure T.A can bo used to deduce the variation of power- 
to-weight ratio with pole arc/pole pitch ratio. Figure 7.5 shows 
that the former decreases with the latter over the whole range 
considered.
It must therefore be concluded that neither the criterion 
of maximum armature power, nor that of maximum ratio of armature 
power to magnet weight, can be employed in this type of machine.
An attempt has been made to take account of the feeling that pole arc/ 
pole pitch ratios near to unity are wasteful of magnet material. 
However, a consideration of the magnet power-to-weight ratio indicates 
that very small values for **' are preferable. The motor design 
clearly requires a balance between these two criteria, _
In fact, it must not be overlooked that other criteria 
may be important. For example, the maximum permissible magnet weight, 
or the maximum cost of its material. However, it is less likely
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that these will be required. It can then be found that a multi­
plication of the curves in Figures 7.4 and 7.5 does yield a maximum 
at •*' « 0.8 (Figure 7.6). This is therefore the optimum ratio for 
achieving the maximum combination of armature power per unit volume 
of magnet material and useful flux density.
7 . 2 .  R e l a t i o n s h i p  b e tw e e n  m a g n e t a n d  c o p p e r  v o lu m e s .
The determination of an optimum value for *' has considered
only the volume of the magnet material. Also, any new design criteria
based on the weight or cost of the magnets alone have been discounted.
However, the armature power (Equation 7.4) has contributions from
b o th  t h e  magnetic and electric loadings of the machine, and so any
required output might be obtained from a variety of designs. These
would achieve different relative contributions from each of the
loadings. The proportions would be selected to meet some new
criterion for the whole machine. For example, because the wheel
motor is part of the vehicle's unsprung weight, its total weight is
important. The volumes of permanent magnet and copper should therefore
be related in an attempt to minimise this. This procedure could
easily be extended to calculate minimum cost of these materials,
as might be important for the fan motor.
Hie effect of a change in the magnet volume, V^, on the
coppe* volume, V , will therefore be -determined. In particular, c
a new criterion for choosing the pole arc/pole pitch ratio will be 
sought. Firstly, the dependence of armature current on Vm is found.. 
The variation of armature current with speed will bei
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I.R - V - 0.P.Z.N (7-7)
0 i s  t h e  t o t a l  u s e f u l  f l u x  p e r  p o l e ,  a n d  i t  c a n  b e  r e l a t e d  t o  t h e  
u s e f u l  f l u x  d e n s i t y  i n  t h e  a i r - g a p ,  B , b y
B.APP (7-8)
w h ere  A ^  i s  t h e  a c t i v e  a r e a  o f  o n e  p o l e  p i t c h .  C o m b in in g  E q u a t i o n s  
7 . 7  an d  7 - 8  g i v e s
I.Ra - V - ^ p .A ^ .z j B .S ( 7 - 9 )
I f  t h e  p o l e  a r c  a l o n e  i s  v a r i e d , t h e n  t h e  t e r m s  i n  b r a c k e t s  
i n  E q u a t io n  7 . 9  w i l l  b e  c o n s t a n t .  T h o s e  t e r m s ,  t o g e t h e r  w i th  B , 
v a r y  w i th  « '  a s  d e s c r i b e d  b y  F ig u r e  7 . 4  f o r  t h e  f a n  m o to r .  As w hen 
a r m a tu r e  h e a t i n g  i s  c o n s i d e r e d ,  I  m u s t  b e  o b t a i n e d  i n  te r m s  o f  t h e  
c o n d u c to r  c u r r e n t  d e n s i t y ,  J o .  S in c e  t h e  n u m b er o f  p a r a l l e l  p a t h s  
i s  a ,
a l s o ,
w iie re
7 - ••Ae*ic
R -
*2.a _
1  «  t h e  t o t a l  l e n g t h  o f  a r m a tu r e  c o n d u c to r ,
c
I.« . - (7.10)
A c o m p a r is o n  o f  E q u a t i o n s  7 * 9  a n ^  7*10 sh o w s t h a t  a  v a r i a t i o n  
o f  w\ a lo n e  d o e s  n o t  a f f e c t  t h e  c r o s s - s e c t i o n a l  a r e a  o f  t h e  c o p p e r  
u s e d .  T h is  i s  b e c a u s e  i t  h a s  b e e n  a s s u m e d  t h a t  a  c h a n g e  i n  c u r r e n t  
d e n s i t y  s h o u ld  n o t  o c c u r  i f  t h e  m a c h in e  d im e n s io n s  a r e  a l t e r e d .
I f ,  h o w e v e r , t h e  r a d i a l  d im e n s io n s  a r e  a l t e r e d  a t  t h e  sam e t im e  a s  
,  th e n  t h e  t o t a l  l e n g t h  o f  c o n d u c to r  w i l l  c h a n g e .
212
A e m a i l  c h a n g e  I n  t h e  a c t i v e  c o n d u c to r  l e n g t h ,  -  R ^ , 
would c l e a r l y  a l t e r  A ^ ,  w h ic h  i e  n o  l o n g e r  a  c o n s t a n t .  A l a r g e r  
v a r i a t i o n  m ig h t  a l s o  a f f e c t  Z a n d  a ,  a n d  i t  w i l l  b e  a s s u m e d  t h a t  
t h e  c h a n g e s  a r e  s m a l l  e n o u g h  f o r  t h i s  n o t  t o  o c c u r .  A l s o ,  t h e  
c o n s t a n t  C . i n  E q u a t i o n  4 .1 2  w i l l  b e  i g n o r e d ,  a n d  1 c a n  t h e n  b e
written as
\  " Zf (R2 ‘  R1> + Ì ,(R 2 + V ] ( 7 .1 1 )
Also, the area A is given by 
PP
\ p  -  ! - < r 2 2  -  R1 2 >
p
( 7 .1 2 )
I f  the r e l a t i o n s h i p  o f  E q u a t i o n  7 * 5  i s  u s e d ,  t h e n 'A  c a n  b e  w r i t t e n  
i n  te r m s  o f  1^  f ro m  E q u a t i o n s  7 .1 1  a n d  7 . 1 2 .
PP ( ^ ) l ( 7 - 1 3 )
w h e re k ,  -  ( f i  -  1) + I . ( 7 !  + 1)
P
E q u a t io n s  7.9, 7.10, a n d  7.13 c a n  t h e n  b e  c o m b in e d  t o  r e l a t e  l c ,
B , a n d  N . • * - t e h <7-,4>
E q u a t i o n  7 . 1 4  ehow s t h a t  a  v a r i a t i o n  o f  t h e  p o l e  a r c /  
p o le  p i t c h  r a t i o  c a n  b e  u s e d  i n  tw o  w a y s . A lo n e ,  l c  w i l l  n o t  b e  
a f f e c t e d , a n d  s o  t h e  m o to r  s p e e d  w i l l  c h a n g e  w i t h  « ' .  V a r ie d  
t o g e t h e r  w i th  ( R .  -  R , ) ,  1 w i l l  c h a n g e  i f  N i s  c o n s t a n t .  T h e  a im  
i s  t o  s t u d y  t h e  l a t t e r ,  s i n c e  t h e  s p e e d  o f  a  m o to r  i s  u s u a l l y  one  
o f  t h e  d e s i g n  p a r a m e t e r s .  E q u a t i o n  7 .1 4  i e  t h e r e f o r e  r e - a r r a n g e d  
i n  t h e  fo rm  o f  E q u a t i o n  7 . 1 5 .
2 S 3
l  -  v -  oC (7-15)
an d  J  a r e  v e r y  much s m a l l e r  t h a n  a n y  o f  t h e  o t h e r  c o n s t a n t s  -c
and so  t h e  Becond t e r m  i n  E q u a t i o n  7 .1 5  w i l l  h e  n e g l i g i b l e .  T h i s  
t h e r e f o r e  r e d u c e s  t o
I t  i s ,  h o w e v e r ,  m ore  i n f o r m a t i v e  t o  u s e  t h e  d i r e c t  r e l a t i o n s h i p  
b e tw e e n  1 a n d  R , ( E q u a t i o n  7 . 1 1 )  t o  r e - w r i t e  t h i s  e x p r e s s i o n  a s :
C 1
E q u a t i o n  7.16 sh o w s t h a t  t h e  v o lu m e  o f  c o p p e r  c a n  o n ly  
b e  a l t e r e d  b y  a d j u s t i n g  R.. F o r  g i v e n  o u t p u t  p a r a m e t e r s ,  c o p p e r  c a n  
b e  s a v e d  i f  t h e  m a g n e t v o lu m e  i s  i n c r e a s e d ,  a n d  v i c e  v e r s a .  H o w ev e r, 
a l t e r a t i o n s  t o  t h e  m a g n e t v o lu m e  m u s t i n v o l v e  b o th  t h e  r a d i a l  a n d  
t h e  a n g u l a r  d im e n s i o n s .  F o r  e x a m p le ,  i f  a  r e d u c t i o n  i n  1 Q i s  d e s i r e d ,  
t h i s  i s  a c h i e v e d  by  r e d u c i n g  R ^.  A c o r r e s p o n d in g  i n c r e a s e  i n  B 
m u st t a k e  p l a c e  i n  a c c o r d a n c e  w i t h  E q u a t i o n  7.16. F o r  t h e  new  R ^ , 
c u r v e s  o f  t h e  fo rm  o f  F i g u r e  7*4 w i l l  g i v e  t h e  v a r i a t i o n  o f  B w i th  1 ' ,  
and  so  t h e  r e q u i r e d  v a l u e  o f  w ' c a n  b e  s e l e c t e d .
S i n c e  t h i s  m e th o d  c a n  o n ly  b e  u s e d  f o r  s m a l l  v a r i a t i o n s ,  
i t s  u s e  w i l l  b e  so m ew h at l i m i t e d .  L a r g e r  v a r i a t i o n s  may r e q u i r e  
a  new w in d in g  d e s i g n ,  i n v o l v i n g  d i f f e r e n t  v a l u e s  f o r  Z o r  a ,  a n d  
s i n c e  « '  m u s t  c h a n g e  q u i t e  c o n s i d e r a b l y ,  new  v a l u e s  f o r  t h e  p o l e  
num ber m ig h t  e v e n t u a l l y  h a v e  t o  b e  c o n s i d e r e d .  N e v e r t h e l e s s ,  E q u a t io n  
7 .1 6  d o e s  i n d i c a t e  t h a t ,  f o r  a  s m a l l  i n c r e a s e  i n  c o p p e r  v o lu m e , 
a  much l a r g e r  r e d u c t i o n  i n  m a g n e t v o lu m e  w i l l  f o l l o w .  T h i s  w o u ld  
be p a r t i c u l a r l y  u s e f u l  i n  t h e  c a s e  o f  r a r e  e a r t h  m a g n e t s ,  s i n c e  th e y  
a r e  so  much m o re  e x p e n s i v e  t h a n  c o p p e r  a t  t h e  p r e s e n t  t i m e .
B -  / k r 2 . a . Z . v |  _1
2.W .N  /  l c
2
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2.4 .K. Za .V ( 7 . 1 6 )
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b . corcmnioss at:d further ”:ork.
In this thesis, there has been extensive coverage of the 
calculation of the field due to permanent magnets. For the high 
cocrcivity ceramic ferrite type used in the fan motor, there was 
good agreement with the experimental results. The measured value 
of the torque per unit of conductor current showed the accuracy 
of the summation, in the manner of the winding arrangement, of the 
flux cut by the elements of each conductor. This also relied upon 
the correct use of image and adjacent poles, which were therefore 
shown to be a good substitute for the iron powder flux return ring.
However, some errors in the theory were indicated in the 
case of the alloy material, Hycomax III. The magnetisation tests 
on these magnets revealed that there was considerable leakage flux 
between adjacent magnets. Furthermore, it was evident that this 
was coupled with a transverse field within the material, that was 
rotating the magnetic domains. There are many commonly used 
permanent magnet materials that will exhibit this effect, and so 
further study to produce a more accurate theory for this type would 
be most worthwhile. Some of the observations already made can be 
used as a starting point.
It has already been shown that for some materials, the 
intrinsic magnetisation M is not constant, but varies linearly with 
Also, the interior of the magnet has been treated like an air
*?^p, and H wap calculated at any point from the surface distribution 
°f pole strength. It was assumed that this distribution only 
existed on the pole faces, but a direct solution of Laplace's
Equation indicated that there should also be sources on the pole 
sides. The variation of M with H will be different in the 
anisotropic and transverse directions, and the relationships may 
not even be linear, but testB on the material can establish the 
required characteristics.
A suggested procedure for determining the correct surface 
distribution is to commence with that used so far, and to progressively 
correct it. At each stage, the magnitude and direction of H is 
calculated around the boundary, and the normal and tangential 
components of M are found from the known characteristics. A new 
surface distribution is therefore defined, and the field is 
recalculated. This should continue until the changes at each stage 
are only slight.
A similar method might be used to study the flux distribution 
within the iron powder flux return ring, for it will be remembered 
that pressing only takes place in the axial direction. The test 
results for the field carried by this material, and its eddy-current 
and hysteresis losses, are encouraging for this and perhaps other 
electromagnetic applications. Measurements of the B-H characteristics 
in each direction should be accompanied by more conclusive results 
for the losses. The latter was not achieved in the fan motor, 
because of the axial field construction, and so further work on 
iron powder composites should be with a conventional machine 
design, to eliminate the thrust force. The manufacture of a more 
complicated shape than the ring has not yet been achieved. The 
advantage of a slotted structure to the volume of magnet material 
has been mentioned, and this profile requires the use of the
iterative s o l u t i o n  f o r  t h e  u s e f u l  f i e l d .  T h e  im ag e  p o l e s  h a v e  t o  
take on m ore i r r e g u l a r  s h a p e s ,  f o r  t h e  d e t e r m i n a t i o n  o f  t h e  m a g n e t 's  
potential d i s t r i b u t i o n ,  b u t  e x p e r i m e n t a l  p l o t s  s h o u ld  r e v e a l  w h a t
accuracy i s  r e q u i r e d .
I t  may b e  p o s s i b l e  t o  i n c l u d e  i r o n  p o w d e r i n  a l l  t h e  
e p o x y  r e s i n  o f  t h e  d i s c ,  i f  t h e  p o s i t i o n s  o c c u p ie d  b y  t h e  c o n d u c to r s  
a r e  s u f f i c i e n t  t o  p r e v e n t  t h e  f l u x  f ro m  t r a v e l l i n g  i n  t h e  c i r c u m ­
f e r e n t i a l  d i r e c t i o n  b e f o r e  i t  h a s  p a s s e d  th r o u g h  t h e  sam e c o n d u c t o r s .  
C o m p a c tio n  c o u ld  n o t  b e  u s e d  f o r  t h i s ,  th o u g h ,  a s  t h e  c o n d u c t o r s ' ' 
i n s u l a t i o n  w o u ld  b e  d a m a g e d . A new m e th o d  o f  m a n u f a c tu r e  w o u ld  
h a v e  t o  be f o u n d ,  a n d  i t  i s  u n l i k e l y  t h a t  s u c h  a  h ig h  p e r c e n t a g e  o f  
i r o n  p o w d er w o u ld  b e  a c h i e v e d  a s  w i t h  t h e  o r d i n a r y  r i n g .  A l s o ,  
t h e  c o n d u c to r s  n e e d  t o  b e  h e l d  a g a i n s t  o n e  s u r f a c e ,  s o  a  m ore 
im m e d ia te  s o l u t i o n  m i g h t  b e  fo u n d  i f  t h e  r e t u r n  r i n g  w as n o t  
i n c l u d e d  i n  t h e  a r m d t u r e .  T h e  l o a d i n g  o f  t h e  a r m a tu r e  w i t h  i r o n  
p o w d er w o u ld  t h e n  r e d u c e  t h e  e f f e c t i v e  a i r  g a p  l e n g t h ,  a n d  b e n e f i t  
t h e  v o lu m e o f  m a g n e t m a t e r i a l .
T he p e r f o r m a n c e  o f  t h e  w h e e l m o to r  h a s  d e m o n s t r a t e d  a  
peculiarity o f  t h e  D is c - A r m a tu r e  m a c h in e ,  t h a t  o c c u r s  b e c a u s e  t h e  
coil8 have v e r y  l i t t l e  s e l f - i n d u c t a n c e .  T h e  v a r i a t i o n  o f  t h e  b a r -  
to-bar v o l t a g e  o f  a  s h o r t - c i r c u i t e d  c o i l  c a n  l e a d  t o  v e r y  h ig h  
losses, but t h e s e  w e r e  n o t  n o t i c e d  i n  t h e  f a n  m o to r .  A r e s i s t a n c e  
at the brush c o n t a c t  o f  0 .0 8 1  ohms w as fo u n d  t o  a c c o u n t  f o r  t h e  
motion of the commutator over the brushes. Vith the f a n  load, 
for example, this in equivalent to a voltage drop of 0.77 >
which c o m p a re s  w e l l  w i t h  t h e  m a n u f a c t u r e r s '  e s t i m a t e  o f  1 V . ,
-23*»:
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when it is considered that the latter also includes the static 
voltage drop at the contact. It may then be wondered what has 
become of the commutation loss in this machine ? The method that 
was developed to calculate the induced e.m.f. as the armature is 
rotated may be useful for investigating this.
It will be remembered that the connections between the 
fan motor's armature conductors and its commutator segments were 
misplaced by half the angular pitch of a segment. The effect of 
this will be either to advance or retard the commutation, depending 
on the direction of rotation. In this case, the commutation is 
advanced, and a coil is under the influence of the pole it has 
just passed for all the time it is short-circuited. The current 
through the coil, the segments, and the brush will therefore be 
into the segment approaching the brush, assisting the commutation.
For rotation in the opposite direction, there would be a concentration 
of current in the trailing edge of the brush,.which would cause 
considerable sparking. It is this difference that prevented the 
direction of rotation of the fan from being reversed, a test that 
would have provided a point on the other side of the speed vs. 
current characteristic, and given more information about the thrust 
bearing loss. However, the brush contact resistance would clearly 
have been changed.
It may be, then, that a simple solution to the commutation 
problems of the Disc-Armature machine has already been found.
I t  i s  re c o m m en d ed , though, that before another high speed motor 
i s  d esig n ed , t h is  method of calcula*ing the angular variation of 
e.m.f. should be developed to investigate the effeot of various
-23â
displacements of the winding from its "correct" relationship to 
the commutator. This is equivalent to rocking the brush-gear, 
a procedure that is common in conventional d.c. machines. However, 
it is expected that the angle of displacement in a Disc-Armature 
motor will not be dependent upon the load current, and should 
therefore suit a wider range of operation than a conventional one 
without interpoles.
There is still much to be done before a reliable Disc- 
Armature machine can be manufactured, that fully utilises all of 
its advantages over more conventional types. However, as has been 
illustrated by the fan motor, a most satisfactory design can be 
produced if not all the criteria are not strictly adhered to.
In fact, this machine is now successfully completing many hours 
of testing by an industrial user.
This thesis has covered much of the theory relating to 
the Disc-Armature motor, and has reported some interesting 
experimental results. However, this is a new type of machine, 
and what has been investigated is not exhaustive! it is only a 
b e g in n in g .
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displacements of the winding from its "oorrect" relationship to 
the commutator. This i8 equivalent to rocking the brush-gear, 
a procedure that is common in conventional d.c. machines. However, 
it is expected that the angle of displacement in a Disc-Armature 
motor will not be dependent upon the load current, and should 
therefore suit a wider range of operation than a conventional one 
without interpoles.
There is still much to be done before a reliable Disc- 
Armature machine can be manufactured, that fully utilises all of 
its advantages over more conventional types. However, as has been 
illustrated by the fan motor, a most satisfactory design can be 
produced if not all the criteria are not strictly adhered to.
In fact, this machine is now successfully completing many hours 
of testing by an industrial user.
This thesis has covered much of the theory relating to 
the Disc-Armature motor, and has reported some interesting 
experimental results. However, this is a new type of machine, 
and what has been investigated is not exhaustive^ it is only a 
beginning.
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APP'-riMX I: Relationships between 3, U« and 11 for permanent magnets
There is often confusion about the relationship between 
the b a s ic  magnetic vectors B, H, and M. This thesis is based 
upon liquations 3-1 * 5.2, and 3»3i and these are of the form given 
in B leaney 4 Bleaney (Reference 16 ).
If a current circulates in a loop, having a current 
d e n sity  J ,  the resulting magnetic field will be related by 
Ampere's law«
curl B
V
In magnetic materials, the intrinsic magnetisation, M,
is caused by magnetic dipoles, and is alternatively called the
magnetic dipole per unit volume. These dipoles can be represented
in an atomic model by circulating currents, of density V 1b
then caused by J in a similar manner to J causing Bs Tn —
curl M - J (AI. 2)— —m
In a magnetic medium that is also electrically conducting
liquation AI, 1 should be re-written to include J , which must also—m
obey Am pere's laws
curl B - ^ ( J  + J j
» yC*0(£ + curl V)
curl( (B/^ io) - V) • i  (AI. 3)
Prom Equation AI.3, the magnetic field is defined assB » yU3(H * £i) ( 5*1)
such that evrl - J (Al.4)
In the permanent magnets of the Disc-Armature machine, 
there are no circulating electrical currents (other than the dipole
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There in often confusion about the relationship between 
the b a s ic  magnetic vectors B, H, and M. This thesis is based 
upon Equations 3.1* 5.2, and 3.3* and these are of the form given 
in Bleaney & Bleaney (Reference^).
If a current circulates in a loop, having a current 
d e n sity  J ,  the resulting magnetic field will be related by 
Ampere's law,
curl B -yUQ»i (AI. 1)
In magnetic materials, the intrinsic magnetisation, K,
is caused by magnetic dipoles, and is alternatively called the
magnetic dipole per unit volume. These dipoles can be represented
in an atomic model by circulating currents, of density J^. V is
then caused by J in a similar manner to J causing Bs —m —  ~
curl M - J (AI.2)—  —m
In a magnetic medium that is also electrically conducting,
Equation AI. 1 should be re-written to include J , which must also—m
obey Am pere's law,
curl B - yn0(j 4 J j
- y*A0( J. + curl V)
c u r l(  (S//AQ) ~ H.) m i  (A I.  3)
Prom Equation A I.3 ,  the magnetic f ie ld  i s  defined as,
2 - / 0( 2 + M )  (5,1)
such that c u r l  U -  J  (A I. 4)
In the permanent magnets of the Disc-Armature machine, 
there are no circulating electrical currents (other than the dipole
2currents), so J will be zero, and Equation AI.4 becomes!
curl H - 0 (3.3)
In some treatments, the constant yiiQ appears on the right- 
hand side of Equation AI.?, as it does in Equation AI.1. This leads
to a different form for Equation 3*1* which is not used here.
*
The Biot-Savart law can be written in the form!
B -  / r0 . q . ( v x r ) (A I.5 )
4«
where B i s  the flux density due to a charge q travelling with 
v e lo c i t y  v in the direction r. Using the vector identity 
div(axb) - b.curl a - a.curl b ,
Equation AI. 5 becomes i
div B - u .q / r .curl y - v. curl r \ (AI.6)
The dipole equivalent currents in a permanent magnet are steady,
and so curl v is zero. Furthermore, it can be shown (Reference 52)
that curl £_ is also zero, so that Equation AI.6 becomes the
.3
fa m ilia r  l.'a x w e ll's  Equation!
div B - 0 (3.2)
K
2 W ,
APPENDIX TT; Ttlreet Solution of Tnnlnce's Kouatlon.
The solution of Laplace's Equation, V'/l(xt9) - 0, 
within th e boundary OABC of Figure 3*3 is achieved by separating 
th e two variables.
y/(x,e) - X(x).©>) (All. 1)
C on sid erin g f i r s t  th e  (‘-direction, the solution must be periodic, 
and w i l l  have th e  general form
©(e) - J.cosAe + K.sinA® (All.2)
The v a lu e s  o f  J, K, and X are determined from the boundary conditions 
0 (x ,O ) = 0 a n d 0 (x ,C )  => 0. Hence, Equation All.2 becomes
0 ( e ) -  K .sin n*® (All. 3)
n n c
where n - 1,2,3, etc.
T h is  i s  true for both areas 1 and 2 in Figure 3«3»
The solution in the x-direction will be slightly different 
f o r  each a r e a . Area 1 will be considered in detail. A  is common 
between the solutions in each direction, and so that in the x- 
d ir e c t io n  co rresp o n d in g  to Equation All.3 will be exponential. It 
i s  g iv en  by
X ( x )  -  L . s i n h  n * ( x - -  x  )  ( A l l . 4 )n n "q - o
where xq, a constant, is zero from the boundary condition 0(0,®) - 0.
The total solution is found by combining Equations
A1I.1, All.3, and All.4, and summing for all values of n «
oo
dj (zC,e) » V*  k .sir, r.we.sinh n»x (All.5)
“ n C Cn»1
The final boundary condition 1b the potential distribution on
2.45\
K '
the nagnet face, defined as f1(e) along the line HI. In liquation
All. 5,
0(e) » ^(H.e)
m
m V  V .sin nire.slnh nwH 
nTl n C C
from which the sine Fourier coefficients of J&(8) can be recognised
C
k .sinh null - 2 f (1/(6).sin n*6 .d6 (All. 6)
n T  C J T C
0
The complete solution in area 1 is therefore given by substituting 
Equation All.6 into Equation All.5, from which Equation 3.7 is 
obtained.
The solution in area 2, given by Equation 3.8, is found 
in a similar way, allowing for the slight difference in the x-
direction.
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AFP’-ffPIX I I I .  M a te ria ls  f o r  a r o t a t in g  f lu x  r e tu rn  r in g .
The attachm ent o f  the remote flux return ring to the 
fan motor armature was done after the moulding operation. This was 
to  g iv e  time for a variety of materials to be tested. The thickness 
o f th is  r in g  is only 3 mm., and most of the flux travels in the 
a x ia l  and circumferential directions. If a laminated construction 
in  to  be em ployed, therefore, it is most effective for the laminations 
to  run circumferentially. Such a ring was made for the fan- motor 
(F igu re  A.J1), tnough its manufacture in this shape was difficult.
One thou thick nickel iron strip was used, and firstly 
t h is  was laminated. It wastfien wound onto a stainless steel band, 
supported on a plate of the same material. This stainless steel 
was ab le  to withstand the high annealing temperature of 1050°C.
The a n n ea lin g  was performed in a sealed oven in an atmosphere of 
hydrogen. T h is  ensured that a standard core of the nickel iron strip 
was produced, having a saturation flux density of 1.44 Wb/m . An 
outer s t e e l  band was shrunk on, and the support plate removed.
The ring was finally dipped in epoxy resin to give it additional 
rigidity for the subsequent tests.
Because of its large diameter and small thickness, the 
lam inated r in g  was difficult to handle throughout its'manufacture.
T h is cou ld  make i t  unattractive to use in a small economical machine 
such a s  the fa n  motor. Some tests had already been done on iron 
powder compacts (Heference 13), and it was felt thatthis type of 
m a te ria l o ffe r e d  a more convenient solution. Hie method of manufacturing 
r in g s  from t h is  material was briefly as follows.
I t  wap found th a t  m erely to  compress iro n  powders d id  
not j iv e  a good m echanical s tr e n g th . :’ poxy r e s in  v-as th o re fo re  added 
in  a sm all q u a n t ity . This gives good adhesion between individual 
p a r t ic le s ,  and its high electrical resistance should reduce the
2A1
Figure A TTT.1 Laminated nickel iron flux return ring.
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eddy-currentb in the bulk material. The epoxy resin was diluted with 
the acetone for mixing with the iron powder, and because the viscosity 
of resin decreases as the temperature is raised, this was performed 
on a hot-stage. The mixture was then dried, and finally powdered.
An amount was measured into the mould and compressed at a pre­
determined pressure. The percentage of epoxy resin to add initially, 
and the pressing pressure, are determined by the required saturation 
flux density in the material. Reference 13 predicts this mixture, 
of 24 parts of iron powder to one part of resin (by weight), to
p
saturate at 1.6 V/b/m , which is greater than its designed operating
p
flux density in the motor of 1.3 Wb/m .
Two types of iron powder were used for these rings.
One was a carbonyl, having spherically shaped particles, and the 
other an electrolytic with flaky particles. The higher resistivity 
of the carbonyl was attributed to an assumed point contact between 
the particles, though it will be shown in Chapter s that the 
total power losses are quite similar in each type. The epoxy resin 
must interlock better with the flaky particles, because the electro­
lytic powder mixture was found to have a greater mechanical strength. 
This made it very easy to handle after manufacture, without 
damaging its shape.
It was mentioned in Section 2.2 that it had not been possible 
to press a slotted structure on one face of the ring. This would 
have reduced the effective air gap, and hence the required magnet
length. The difficulty arises because different thicknesses are- 
being pressed in different regions, and a very complicated die shape 
is required to ensure an even compaction. It was found that the roots 
of the teeth were very brittle, but this might be overcome by 
radiusing all the comers in the die.
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PP.-V'.DIX IV. Construction of the Disc—Armature machine.
LIV.1. Design of the stator components.
No attempt will be made to give a comprehensive account 
of the design procedure for a Disc-Armature motor. However, there 
are some particular problems that are worthy of mention, that only 
occur in a machine of this type. Those that concern the stator 
design arise because the field is in the axial direction, because 
permanent magnets are used, and also because certain design criteria 
are applied.
Nor the radiator cooling fan motor, it has already been noted 
that the inclusion of the flux return ring in the armature creates 
a force of attraction between the rotor and stator. This will also 
occur in a conventional machine, but it is only with an axial field 
that this force must be overcome for dis-assembly. This is also true 
for the Disc-Armature machine with an iron-free rotor, for the two 
stator halves have to be separated. There is equal difficulty in 
assembly, and some guidance has to be provided when the two halves 
come together. In the wheel motor shown in Figure 2.3, one stator 
half located inside the other for a distance of 12 mm.. These 
components, together with the armature, appear in Figure A.IV. 1. Two 
holes can be seen in the magnet backing plate of the right-hand 
stator half, close to the periphery. Screws are Inserted from outside, 
through these and another pair of holes, past the armature, to bear 
on the opposite stator half. In this manner the components are 
jacked apart, or alternatively brought together. A similar procedure 
is required for the fan motor.
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There would not be this difficulty if the magnets were 
magnetised after assembly of the machine. However, this does not 
justify the inclusion of magnetising windings. Ihe alloy magnets 
in the wheel motor produce a greater field on open circuit than do 
the ceramic ferrites in the fan motor. This led to particular 
difficulties with the former, when they were positioned on,the backing 
plates. The addition of each subsequent magnet, being already 
magnetised, led to an unbalanced circumferential force until the . 
complet set waB correctly i.i place. It was eventually found easier 
to attach each set before magnetisation, and then to magnetise each 
stator half before assembly.
A magnetisation jig with a profile to match one set of 
magnets was constructed, and the backing plate completed the magnetic 
circuit. The plates' thickness had originally been designed to
p
accommodate a flux density of 1.5 Wb/m , thus operating well below 
saturation of the mild steel. However, to fully magnetise the magnets, 
a much greater flux density will be reached in the plate. An 
additional mild steel ring was therefore clamped to the back of the 
plate for the magnétisation process.
Frequently in the design of Disc-Armature motors, it is 
the brushes and commutator that cause an embarrassing increase in 
the overall length. In the fan motor, this was overcome by locating 
the brushes between adjacent magnets, but this is not always possible. 
For the wheel motor, Figure 2.3 show6 that approximately half the 
volume occupied by the motor alone is allocated to the commutator 
and brush-gear. Had a face-type commutator been used, the overall 
length' of the machine could have been reduced by using constant 
force springs. These were,in fact, employed in the wheel motor,
and Figure 2.3 shows thatthey take up very little space, so that the 
motor's diameter at the brush-gear could have been reduced. These 
springs have the advantage of giving a constant brush pressure, regardless 
of their extension. This dispenses with any mechanism for adjusting 
the pressure to the required value. Each spring is fixed to the 
inside of the brush-holder by a rivet, and is unwound in a slot 
alongside the brush.
The use of these springs requires the brushes to be in 
position before the stator halves and armature are assembled. They 
are loaded from the commutator side, and Figure A.IV. 1 shows that they 
must be held back before the armature is inserted. The terminal 
leads can be used to do this.
A . IV.2. Design and manufacture of the armature.
/ The rotor of the Disc-Armature machine is the most novel
component, and considerable time was spent in improving its method 
of manufacture. The final method will be described here, with 
reference to some unsuccessful attempts, though it should be remembered 
that this applies to the production of prototypes, and not necessarily 
to mass-production.
Once the individual coils are assembled as the winding, 
they are soldered to the commutator. The wheel motor's commutator 
was a production item, but that for the fan motor was designed to 
use the armature moulding process to complete its manufacture. The 
unmoulded fan motor armature is shown in Figure A. IV. 2, and this can 
be compared with the general arrangement, Figure 2.4» 4 band of
copper is left above the segments to support them until after moulding,
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when this is machined off leaving adjacent segments insulated from 
each other. The cross-sectional shape of the commutator, which allows 
a close fit with the end-windings, relies upon the adhesive property 
of epexy resin to hold the segments in place. As an additional 
precaution, a band of epoxy resin is formed above the risers. For 
the soldering operation, a wooden jig is used to hold the winding 
against part of the mould, and the commutator in its correct position 
above the winding.
Epoxy resin has a number of attributes as an encapsulating 
material for electrical windings. Its adhesive properties are well- 
known, and it also has excellent electrical and mechanical characteristics. 
It keeps good dimensional stability, and it is possible to dilute 
the percentage of resin without significantly degrading these 
properties. This is usually done by adding marble flour, of which 
these armatures have a quantity equal by weight to the resin ( In 
addition, the hardner is 0.8 parts by weight to that of the resin ).
The mixture used has a coefficient of expansion of approximately 
4.75 x 10-5 /°C (Reference 17), which is greater than that for copper.
If this were not so, the heating of the armature conductors during 
operation of the machine would crack the epoxy resin.
Since there is only a small clearance between rotor and 
stator over a considerable radial distance, it is important that the 
armature disc does not distort. The safe operating temperature for 
the resin, below which this will not be significant, is called the 
h e a t d e f le c t io n  tem perature (R eferen ce  18). For any mixture, this can 
be s e t  w ith in  c e r ta in  l i m i t s  by the c u r in g  c o n d itio n s . The heat 
deflection temperature of this mixture lies between 130°C and 190°C.
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However, it will be towards the lower end of this range, as the 
curing schedule used was 16 hours at 65°C, 4 hours at 110°C, and then 
2 hours at 150°C. It has been shown (Heference2)that the normal 
operating temperature would be in the region of 75.8°C, and so the 
armature using this mixture should be quite safe from distortion.
There are three principal methods of moulding a component 
such as this armature. Compression moulding is only used for large 
parts, and intricate details cannot be formed. The resin is placed 
in the mould, and heat and pressure are applied so that the material 
softens, fills the mould, and then hardens. It would be particularly 
difficult to achieve a close tolerance on the axial disc thickness 
with this method, for which it is much better to retain a fixed 
cavity shape throughout the process.
Injection moulding, which is quite sinilar to transfer 
moulding, is the most suitable method for mass-production. The resin, 
in granular form, is heated to plasticity in a cylinder, and then 
forced into the temperature-controlled mould. There is no difficulty 
in maintaining a good dimensional accuracy, and a rapid rate of 
production is possible. However, when thin sections are being moulded, 
the resin may cool too rapidly and a complete fill may not be achieved, 
or internal stresses may develop. This could be a problem over the 
active region of the armature disc, where the presence of the 
conductors can occupy most of the volume.
The final method is casting, which involves the greatest 
amount of hand labour. It is, however, the simplest method to use 
for prototypes, though precautions have to be taken to remove air 
bubbles. This is achieved by placing the mould in a vacuum chamber, 
and gravity feeding the liquid epoxy resin into it from within the
chamber. A specially equipped chamber was used for the disc armature 
prototypes, having remote control to release the resin. The mould 
also had to be designed to suit this equipment.
A.IV.3. Armature mould design.
The armature mould for the fan motor will be described in 
detail, and that for the wheel motor is quite similar. The general 
arrangement of the former is shown in Figure A.IV.J. The phosphor 
Vl-onze bearing and the commutator are shown in position in the mould, 
but the flux return ring is not included. At the time the mould 
was designed, it had not been decided from which material to make 
the return ring, and bo a recess was formed into which it could be 
fixed at a later stage.
The bearing fits tightly between the upper and lower 
plates of the mould, preventing any epoxy resin from fixing it to 
either. This is the main problem with the mould design, and particular 
care has to be taken with the commutator, which is of a fragile 
shape until it is encapsulated. The copper band, holding the segments 
together, is pulled into the groove, and held there. It is not possible 
to put a taper on the final Burface of the segments, though this 
is required to facilitate an easy extraction from the lower mould 
plate. However, it is essential that the flow of resin is not 
impeded around the segments during mou»ling, so that a complete fill 
is achieved. Therefo-e,a cavity is left around the outer surface of 
the commutator, so that it is completely encapsulated within a 
protective layer of resin. This prevents damage to the segments 
due to adhesion when the armature is extracted, and the excess resin 
can be turned off at a later stage.
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To ease the removal of the armature from the mould, all 
long edges that lie in the axial direction are offset slightly from 
this axis. The most suitable taper was found to be 3°» which was 
large enough to be of some assistance to this, and also small enough 
not to interfere with the machine’s designed dimensions.
The mould was made from five parts, to ensure there was 
no undue strain on the armature during disassembly. These can be 
identified in Pi &  A. IV. 3, and are shown for the mould partially 
dismantled in Fig A.IV.4. It is, in fact, possible to use just two 
parts for the mould, but it will be shown that this does not always 
produce successful results. To commence the disassembly, a separate 
annulus to the mould is used. This is in two identical halves, 
held together with screws. Pig. A. IV. 4 shows one half on each of the 
upper and lower plates. The screws are removed, and a screwdriver 
is inserted in slots to lever the two halves apart.
The fifth part is a false head on the lower mould plate, 
shown separately in Fig. A. IV. 4. Throughout disassembly of the mould, 
this remains in contact with the armature, to ensure that the active 
disc face maintains its correct shape. It cannot be removed until 
the protective layer of resin is removed from the commutator.
After the annulus has been removed, the upper plate is jacked away 
using the threaded hole through the centre of the lower plate.
The false head is then released, and the lower plate is jacked away 
from this using the other four threaded holes in that plate (Figure A. 
IV.4,top right). The extraction is eased by applying a release 
agent to all interior surfaces before moulding, and by sealing all 
joins between parts with silicone rubber.
^ r ,r« A.WA.l’^ ä  parts for «•»" ""tor’s arn.ato.re
Despite the evacuation of the mould cavity before pouring 
in the epoxy resin, considerable care has to be taken to ensure that 
a complete fill is achieved. The apparatus used pours the resin 
into four cones in the top of the mould. Figure A. IV. 5 shows these 
in the assembled fan motor mould (right) and wheel motor mould (left). 
Excess resin is allowed to flow between the cones. The diameter of 
the holes through which the resin flows must be about 4 mm., being 
large enough to permit a reasonable flow rate, and also small enough 
not to release the conductors from their positions below. It can 
be seen from Figure A. IV. 4 that these holes emerge in the region of the 
active lengths of conductors, where coil sides are held together by 
tapes (Figure A. IV. 2). It will therefore be difficult for resin to flow 
to the large cavities around the end-windings, despite these being 
evacuated. Slots are therefore cut from the pour holes to these 
regions, and these are offset greatly from the radial direction so 
that conductors are not released from their correct locations.
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